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ABSTRACT
Plasmodiumfalciparum severemalariaaneamigl SMA, haemoglobin (Hb) <5.0 g/dL or Hb<6didL
with any parasite density] remains the most-fifeesatening malaria. With its immuwugenetic basis
partially understood, efficaciousthea peut i csdé6 devel opment remains u
factors offer tools for unravelling molecular mechanisms involved. Cellular receptors pathways are
crucial in immunological reactions leading to parasite clearance. However, contriboftigesetic
variations within immune cell receptors to SMA pathogenesis is partially understood. This study
determined the role of polymorphisms in immune cell receptor€luster of differentiation 403D40),
Interleukin23 receptor IL-23R and Fc gmma receptors and their pathway genes; Nuclear factor of
kappa light enhancer in-Bells (N F HjBahd its inhibitor IkappaB alphaN(F HuB bnAsusceptibility to
paediatric SMA in Siaya County, Western Keny&loreover the in-vitro effects of P. falciparum
haemozoin PfH2) on expression of inflammatory mediators via CD40 pathway was also determin
Laboratory measurewere determined irchildren (N=1,128 aged 636 month} a Siaya County
Referral Hospital. Genotyping and gene expression was done using Tachdaays while
infl ammatory medi at or dwdmar cgtakied 2plexvhle Bead Kit. ©tids ratins n e d
were computed by regression analysis controlling for confounders (age]l,Hscteraemia U
thalassemia and sickkell trait). Differences in the levels of inflammatory mediators between carriage
and noncarriage of haplotypes were determined Mgn-Whitney Utest&t u d e #eistd SCD4D -
508G/173CG/1C (GCC) haplotype carriage had 69% pratecagainst SMA [OR=0.31, 95%I=0.14
0.67, P=0.003] while the carriage of GCT haplotype was associated with susceptibility to SMA
[OR=5.24, 95%CI=3.31-8.82,P<0.001]. Carriage of GCC haplotype had increased kh , -2 dnd
MIP-1 6P=0.002,P=0.029 andP=0.048, respectively) while the carriage of GCT haplotypes had lower
levels of I1 b a Ald, P+0L017 andP=0.003, respectively). Analyses bfF o Belealed that
carriage ofAT (-8079AF3297T) haplotype was associated with risk of SMA (OR=1.58, @%%4.13
2.33 P=0.008) whileGC (-8079G£3297C) was associated with 40% redudsl of SMA (OR=0.60,
95% CkE0.420.86,P=0.005) TheN F a B(1826A/-310A) AA haplotypecarriage was associated with
SMA risk (OR=1.60, 95%I1=1.022.47,P=0.042) while AG {826A/310G) conferred 43% protection
from SMA (OR=0.57, 95%CI: 0.330.98, P=0.037). The carriage oN F 8 B A®) (-§26A~310G)
haplotype had increased levels of-10 and IP10 compared to neAG (P=0.050 andP=0.016,
respectively). Combined genotypshowedthatN F a BA79AAN F 8 B8268GA was associated with
susceptibility to SMA (OR=2.31, 95%1=1.304.08,P=0.004). N F 8 BZ79CCN F s B326GG had
31% protection against SMA (OR=0.69, 95%1=0.480.96, P=0.033) while the NFaB1
3279TTN F 8 B326GA was associatedith increased risk of SMA (OR=2.77, 95%I=1.106.97,
P=0.031). Carriage of th&l F 8 B297CCHN F a B31GG was associated with protection against
SMA (OR=0.64, 95%CI=0.44-0.92,P=0.016) wherea®N F 8 B297TTN F 8 B310*GG combination
were twafold suscepble to SMA (OR=2.10, 95%1=1.324.10,P=0.002). Further IL-17 levels were
positively correlated with haemoglobin levélsy = 0 .P20927). Expression levels alL-1 b, -O NF
and IL-6 where increased [i§fHz (P<0.05) Both IL-23Rrs1884444T/rs75305111TT) andFc 2o RI | A
131ArgF c o9 R-L76RFA o R-NA2Ihd&lotypes weresaociated with increased susceptibility to SMA
(OR=1.12, 95%CI=1.074.19, P=0.030) and(OR=1.70; 95%CI|=1.022.93; P=0.036), respectively.
Results demonstrate that polymorphismsmmure cell receptors and their associated pathway genes
condition SMA susceptibility and th&fHz is important modulator of expression of prdlammation
in-vitro. Polymorphisms associated with malaria risk identifiedeare important markers of genetic
risk factors to disease severitfzuture genetic studies should investigate a panel of cell receptor help
explicitly unravel the molecular mechanisms involved in cell signalling leading to disease phenotypes
and therapeuticswith the ahlity to counter thederegulatory effects ofPfHz during infection
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CHAPTER ONE: INTRODUCTION

1.1 Background information
One of the most prevalent parasitic infections in humanBlasmodiumfalciparum

malaria (WHO, 200Q. Accordingto WHO estimates Afri ca contributesto 91% of malaria
deathsworldwide (WHO, 2018) However, between2000 and 2017, malariaincidencehas
declinedby 22% (WHO, 2016) P. falciparumrelated morbidity and mortality primarily occurs
in immunenaive infants and young childréiha et al., 2005 Marshet al., 1995. Severe
malaria presents with overlapping clinical sequelae that include sexdaeiaanaemiagSMA),
metabolic acidosis, respiratory distse cerebral malaria (CM) amypoglycaemigRoweet al.,
2009. Severemalariaanaemia defined by WHO as [(SMA; Haemoglobin Hb<ggd@, with
any density parasitemia)] or by localodified definition as [SMA; Hb<6.0 g/dL with any
parasite densityMcElroy et al., 200Q in children below 3 years fror®. falciparumholo-
endemic transiasion areas such as Siaya Couimtywestern Kenya is a common clinical
manifestation of severk. falciparummalaria It is characterized by complex immunological
processes thaesultinto; shortened lifespan of circulating erythrocyf{esoareesuwaret al.,
1987, haemolysis of uninfected erythrocyté&kvall et al., 2007), structurally and functionally
impaired erythrocyte¢Selvam and Baskaran, 199@&nhanced erythrophagocyto$i&aitumbi
et al., 2000 and reducederythropoiesisChanget al., 2004. Thesecontribute todecreased
erythrocytes in circulationhence anaemia However, the actual molecular pathological
mechanisms thatonstitutethese manifestatiorremainto be elucidated.

The pathophysiology of SMA is considered to be a multifactorial process which can
develop due to pathogenic and/or protective mechanisms by theuesb infection(Kai and

Roberts, 2008Phillips and Pasvol, 1992 As depicted bwarlierstudies in western Kenya, it is



generally becoming accepted that SMA in children is due tondalancein the productiorof
both preinflammatory and artinflammatory mediators, polymorphisms in immune regulatory
genes and worsened in the presence oeinfgctions with HIVV1 and pathogenic bacteria
(Anyonaet al.,2013; Mundeet al.,2017; Oumeet al.,2008a; Oumaet al.,2012; Oumeet al.,
2010) Specific molecular pathways that may be involved in regulating these complex networks
of immune genes remain largely unexploreflince clinical course ofP. falciparummalaria
varies betwen infected individuals and depends on host geneatick or parasite factors,
studying the role ofyenetic polymorphismsvithin important immune cell receptors such as
Cluster designation 40C040), Interleukin23 receptor (IL-23R and Fc gamma receptsr
(F ¢ ) genesmay provide additional into their contribution to malaria pathogeneSignals
from thesereceptors are mediated viaclear factor of kappa light enhancer irc@&ls NFHB1)
and its inhibitor N F HUB I Therefore, investigation of additionablgmorphismswithin these
transcription factorss important in providing further insighinto the role played by the disease
pathways evoked bi. falciparuminfection.

Cluster of differentiation 4qQCD40) is a type | 50kDa cell surface trangmbrane
glycoprotein which belongs to ttamour necrosis factor recept@NFR) superfamily because
of its structural and molecular homology to the TNEG#ith et al., 1994. It is ubiquitously
expressed by a wide range of immune cells e.g. B cells, macrophages, monocytes, and dendritic
cells and also nemmune cells such as endothelial cells, keratinocytes platelets and fibroblasts
(Bourgeoiset al., 2002 Schonbeck and Libby, 20R1 The CD40 ligand (CD154) is mainly
expressed in the activated but not restingells, activated B cells and activated platelets.
However, inflammatory response ledadsts expression in monocytes and macrophéDasese

et al., 2003 Hennet al., 1998 Higuchi et al., 2002. CDA40 ligation to CD40L (CD154) is



required for Bcell growth and differentiation, immunoglobulin (Iglass switching(Jabaraet
al.,, 1990 and somati hypermutation (Roussetet al., 1991). Under both normal and
inflammatory conditions, the CD4fignallingpathway has been shown to be vital in the survival
of immune cells such as germinal centredlls, dendtic cells (DCs) and endothelial cells
(Bishop et al., 2007). In the context of CD40, most studies have mainly focused on auto
immuneand inflammatory disease such as inflammatory bowel disease, afdamaseet al.,
2009, atherosclerosi{Yun et al.,, 2014 and rheumatoid arthritifOrozco et al., 2010.
However on the basis of infectious diseases, the role of CD40 has bedigatgdsmainly in
mice models as opposed to human for diseases such as Leishmaniasis in which mice that were
deficient of CD4O0L failed to show protective immune respqSs®nget al.,1996. In addition
CD40 hasbeen shown to contrdl. cruziinfection through inflammatory cascade that includes
interleukin -12 (IL-12) and nitric oxide (NQ) (Chaussabett al., 1999. Moreover, during
autoimmunity or infection, CD40 Bell signalling is essential for immunoglobulin class
switching, somatic hypemnutation, generation of memoryIBmphocytes and immunoglobulin
(Ig) production(Daneseet al.,2004. Antibodies have been shown to confer immunity dyrin
malaria infection(BouharourTayoun and Druilhe, 1992

The CD40 activationstimulates théN F Hpg&athway which results into regulation of specific
gene targets for release of pnflammatory cytokinegBourgeoiset al., 2002. Moreover
CD40 stimulation by its ligande. CD40L has been shown to inducartslocation of th& F HUB
p65 into the nucleus from cytoplasm in neutropl{&ng et al., 2011h. These studies
underscore the important immune functions of the CD40 pathway in inflammatory conditions
and are wortlstudying in the context of SMAHowever,CD40signallingpathway still remains

largely unexplored with regards to infectious diseases includinfalciparummalaria. This



studydeterminé the associatiobetweenCD40 promoter polymorphisms308G/A, r4800686,
-173C/T rs75211&nd-1C/T rs188383Rand outcome of. falciparummalaria in children aged
6-36 months residingh Siaya County, western Kenya.

Nuclear factor of kappa light enhancer iac8lls (N F HuBnd its inhibitor IkappaB alpha
(1 &B play important roles in infectious dises:
the molecular pathways that results in the production of soluble immune modulators sueh as pro
inflammatory cytokinegGhoshet al.,1998; Siebenliset al.,1994) N F Hdgpendensignalling
in macrophages has been shown to influence production ehffemmatory cytokines as a
result ofP. falciparumhaemozoirand glycosylphosphiatylinositol (GPI) stimulation(Tachado
et al., 1996 Zhuet al.,2005. Increased expression NfF H@EB5 has been shown in sevéte
falciparum malaria in Thai adultgViriyavejakul et al., 2014. Monocyte phagocytosis d?.
falciparumhaemozoirhas been shown to evoke the production ofipflammatory molecules
through the nuclear factoN(F Hipathway Engagemenb f t h epatiNvayallBing this
process is shown by the translocation of ShE Hd®mplex to the nuclear, phosphorylation and
resultant degradation of the inhibitory Hdpha proteinAldieri et al.,2003 Nair et al., 2006
Pratoet al.,2010. Aberrancy in the function of thd F Hlias been linked to susceptibility to
infectious diseas@Gerondakiset al., 1999 Perkins, 2000 Studies in mice deficient of specific
NFeB1 gene demonstraieenhanced susceptibility to bacterial and parasitic infec(@aamano
et al., 1999 Grigoriadiset al., 1996 Shaet al., 1995. Immunederegulationshave been
suggested to be partly a conseqeeint dereased expression &f F HulB peripheral blood
mononuclear cell§Torreset al.,2013. These studies show thHdtF Hdgynallingpathway could
be involved in malaria pathogenesis. However, the potential rold BfHUB paediatric

populdions in which SMA is the common clinical phenotype remains unknoWwhis study



therefore determirtethe association between the genotypic and haplotypic structuNfSHIL
(-3297C/T, rs980455 and8079G/A, rs747559andNFHBIA (-826G/A, rs2233406 an@10G/A
rs2233409) and severe malaai@aemiaand whether these variations are associated with changes
in the circulating levels of K17, IL-10 andIP-10 produced during malaria infection.

The main metabolite that has been established to be associ#tedhmunosuppression in
children with SMA is theP. falciparumderivedhaemozoinPfHz) (Giribaldi et al.,2004 Keller
et al., 2009. In addition,PfHz-loaded monocytes have been associate with SMA in children
from western Kenyaolo-endemidransmission are@ovelli et al.,2010. These studies clearly
illustrate thatPfHz is a pathological factor in SMA. Even thouBfHz is an important factor in
SMA, the cellularsigndling mechanism lead to SMA remains to be establishiealprovidethe
evidence that CD40 signalling pathway maybe involveBftiz-mediated SMA via stimulation
of production of pranflammatory cytokinesthe current study investigatavhether the CD40
ard signalling pathway is associated with SMA by measurihg expressiotevels ofselected
CD40 downstream pranflammatory cytokines (It1 bIL-6 and TNF-U) when PBMCs from
malaria naive individuals were challengeith physiobgical dosegconcentrations10.Qug/mL)
of PfHz

Interleukin23 receptor (IL23R) is the receptor for 23 and, thus, is involved in the T
helper 17 (Th17) celnediated inflammatory reactiorf€henet al., 2007 Volpe et al., 2008.
Th17 cells are pranflammatory CD4 effecter Fcells that have been shown to mediate
inflammatory process by secreting increased levels ef7lLa preinflammatory cytokine in
response to stimulation of cells that expres3R (Romagnani, 2008 The IL-23R is involved
in many important biological functions, for instance Thl7 -oeddiated immune response,

tumour promoting preinflammatory processed/olpe et al.,2008. These studies point out at



important functions othe IL-23R signalling pathway and therefore its role in immune mediated
reactions.In a welldesigned biological study, polymorphic variation rs10889677CC carriage of
the IL-23R have been shown to be associated widucedT-regulatory cells and faster
proliferation n of Fcells (Zhenget al.,2012. This clearly establishes that the genetic variants
that affect the efficacy of the immune system are likely to be a risk factor in inflammatory
diseases. Therefgreariants within this receptor especially the exonic variants would influence
outcome ofP. falciparummalaria. Howevemo investigations have explored the potential role
of IL-23R polymorphisms in paediatric populations in which SM#h&s mostcommon tinical
phenotype. The study therefpre addition determine the association between the genotypic
and haplotypic structures ihL-23R (94G/T, rs1884444and 53219C/T; rs7530511and
paediatricsevere malaria anaemia.

Fragmentcrystallisablegamma ree p t o r s areikRtegoalRrs linking bothhumoral and
cellular immunity as it allows interaction between specific antibodies and effector cells
(Raghavan and Bjorkman, 1996T he human FcoR medi ates phagocy
macrophages and neutrophils. The presenéemb RI31AAY/131HisandF ¢ o2 R (-U76F/A)
polymorphism affects the binding to the lgahdigGs (Warmerdanetal., 1990. Fc o Raré | B
found on the polymorphonuclear leucocysesl has twoallotypic forms i.e. neutrophil antigens
(NAs) 1 and 2 which differ in minor amino acids at position 65 and 82 in two-glyicasylation
sitesin NA2 hence different bindingffinities. This leads t@referential parasite clearance from
circulation. Currently, no studies haveeen performed oaxtensive haplotypes analysis of the
role of polymorphisms ifrcgR genes in a welbhenotyped cohort of children with falciparum
malaria The current studyin addition determined the association betweBnc o R(-1 A

131Arg/Hig, F c dIR (176F/V) and F ¢ 9 R-NAL1INB2 haplotypes and SMA, and the



influence of these haplotypes on peripheral parasite burden duringacigaruminfections in
well phenotyped cohort of children from R. falciparum holo-endemictransmission area
western in Kenya.

The unifying hypothesis for selection thiese cell receptors gen®&HB signallingpathway
genesn the current study is théttesemolecularsignallingpathway has been shown to modulate
production of prenflammatay mediators that influence outcome of inflammatory diseases.
Sincereceptoréregulatory pathway remains largely unexplored in the context of severe malaria
anaemia especially in hekndemic areas, and considerthgir important biologicafunction in
initiating signal transductioim immune response, the current stutigterminedhe potential role
of genetic polymorphisms in th€D40, NFHB1, N F ,HIB-23R and FcgR genes IinP.
falciparum severe malaria anaemia in children of agg6émonths who are resident bblo-

endemidransmission area of Siaya County, western Kenya.

1.2.Statement of the Problem
In P. falciparumholo-endemidransnission areas, such as Siaya County, western Kenya,

severe malaria is a predominant cause of ufidermorbidity and mortalit{Amek et al.,2014).

Since most malaria control methods have failed and there is entergf increased risk of
resistance to conventional malaria drugs, there is urgent need to develdpstomgy malaria
vaccinesand other therapeuticsUnderstandingpf molecular/genetic mechanism of SMA is a
prerequisite for rationalbasedherapeutiaesign. However, the lack of adequate knowledge on
the molecular/genetic mechanisms presents a significant limitation to the development of more

effective prophylactic and therapeutics.



1.3. General objective

To determine thassociation betweegenetc variationsin selectedcell receptors and nuclear

transcription factorgenesandsusceptibility topaediatricP. falciparumsevere malarianaemia

in Siaya County, Western Kenya.

1.3.1 Specificobjectives

To determine the association betweenCD40 promoter polymorphism-$08GA,
rs1800686:1730T rs752118 andlC/T rs1883832 andsusceptibility to severe malaria
anaemiaand thealterations in malaria associataa-inflammatory cytokines

To determinethe associationbetweenNFHB1 (-8079GA, rs747559 and -3297 QT
rs98045% and N F HUB(F826G/A, rs2233406 and310G/A rs2233409)variations and
susceptibility tosevere malaria anaemia and alterations in malaria assotiafed IL -
10 and IP10 levels.

To determinein-vitro the effect ofPfHz on the expression of CD4@ownstream pro
inflammatory cytokines.

To determine association between the haplotypes ofspoonymous mutations within
IL-23R (94G/T; rs1884444and 53219 C/Trs7530511)and susceptibility to severe
malaria anaemia inR. falcipaumholo-endemic transmission area of Kenya.

To determine theassociation betweerr cRIA-131Arg/His, F ¢ o IR-L76F/V and
F ¢ 2IR-NA1/NA2 genetic polymorphisms and susceptibility to severe madang@mia

in children in western Kenya

1.3.2 Null Hypothesis

There is noassociatiorbetweenCD40 promoter polymorpism (508G/A, rs180086; -
173CIT rs752.18 and-1C/T rs1883832pandsusceptibility to severe malaria anaeaunal

alterations in malaria associated qmammatory cytokines



ii.  There is noassociation betweeN F HUB8079GA rs747559 and3297 CT rs980455)
andN F HUB(I8Z6G/A, 182233406 and310GA rs2233409)ariations and susceptibility
to severe malaria anaemia and alterations in malaria assotliafied IL-10 and IP10
levels

iii.  There is noin-vitro effect of PfHz on the expression of CD4@8ownstream pro
inflammatory cytokineg¢lL-16 , -6lard TNFU ) .

iv.  There is nassociation between the haplotypes of-spnonymous mutations withih.-
23R (94G/T, rs1884444and 53219 C/Trs753051) and susceptibility to severe malaria
anaemia in &. falciparumholo-endemic transmission area of Keny

v. There is noassociation betweehk ¢ o RI31AAY/His,F ¢ o R-L76ANAandFc o R-1 | | B
NA1/NA2 genetic polymorphisms and susceptibility to severe malaraemiain

children in western Kenya

1.4. Significanceof the study
Earlier studies havdemonstrate that children between 7 to 24 months who reside. in

falciparum holo-endemicareas such as Siaya County, western Kenya are most susceptible to
SMA (Bloland et al., 1999 McElroy et al.,2000. The choice of chilren aged between3b
monthswas to capture the vulnerable group as well as when they acquire immunity against
clinical disease. Siaya Countya P. falciparumholo-endemictransmission areOng'echaet

al., 2006. Moreover, since ~94% of the participants belong to the Luo ethnic ¢@mglecha

et al.,2000), this approach provided a homogenous population suitable a geas#id studpf

this nature From thiscohort d children, the study identified significant effects of genetic
variations i.e. haplotypes, genotypes and genotype combinations in cell rec€ptées [L-23R

andF c 2) Bl their downstream transcription factaxsH @ BridN F & B.| Frthermore, the



study provides evidence that tle falciparumderived haemozoin(PfHz) is an important
modulator of the CD40 pathway which affects a number of downstream genes dhwolve
production of reactive oxygen species (ROS), -ipfmmmation, immunoglobulin class
switching and Bcell maturation geared towards infection clearance. This provide a basic
information required in design of therapeutics that can target the CD40 pdtlewee reducing

SMA in immune naive populations.
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CHAPTER TWO : LITERATURE REVIEW

2.1. Mechanisms of sever®. falciparummalaria
Severe malaria anaemia (SMA) has been characterized by a shortened lifespan of

circulating erythrocytegLooareesuwaret al., 1987, haemolysis of uninfected erythrocytes
(Ekvall et al., 2001; Gyan et al., 2002, structurally and functionally impaired erythrocytes
(Selvam and Baskaran, 199@educed erythropoiesi@Chang et al., 2004, and enhanced
erythrophagocytosigWaitumbiet al.,2000. Naturally acquired immunity in children who are
exposed to malaria occurs slowly during childhood and involves botkdiaetise and anti
parasitic components in which children first dp antidisease (clinical) immunity prior to
acquiring the immunological mechams necessary to control parasitia (al-Yamanet al.,
1996 Di Perriet al.,1995. Since most malaria control methods have faded emergence of
increased resistance to conventional drugs, there is urgent need to develofastiogyaccine.
Development of these vaccines requires better understanding of the molecular mechanisms
involved in acquired immunity to malariaTherefae, molecula based studies are required to
help discern how genetic variations impact on outcome of malaria.

This study determinethe role of promoter polymophisms 6D40, nuclear factor of
kappa light enhancer in-Bells (NFHB1), and its inhibitor IkappaB alphaNFHBIA), IL-23Rand
FcgRsin children aged 86 months withP. falciparummalaria from Siaya County, western
Kenya In addition,in-vitro mechanisnof the CD40 signal transduction pathwagsperformed
to determinghe effect of P. faciparumdereivechaemozoir{PfHz) on selected prnflammatory

cytokines (I-:1 b ,-6adnd.TNFU) deregul.ated i n SMA

11



2.2. The cluster designatiord0 (CD40 and its role in inflammatory diseases
Cluster of designation 40 GD40) is a membe tumour necrosis factor receptos

(TNFR5) superfamily protein expressed on a number of cells including dendritic cells,
basophiles, eosinophils, macrophages, monocytegll8 and norhematopoietic cell§Tan et
al., 2002 van Kooten and Banchereau, 2D00NVhen stimulated b D40L expressed on the
surface ofCD4" T-cells it induces antigen presenting cells (APCs) to secrete Thl inflammatory
cytokines e.g. IFNy and IL-12, upregulates antigen presentation andaréased surface
expression of cstimulatory molecules such &580 and CD86Cellaet al.,1996. ThelFN-g
and IL-12 have been linked to protection agaiBRstfalciparummalaria (Keller et al., 2006
McCall and Sauerwein, 201@yegueLiabagui et al., 2017). Consistent with these&;D40
initiates and advances both cellular and adaptive immunity including development of memory B
cell, CD4 T-cell dependent class switchingiofmunoglobulin (IgG) and formation of germinal
center(Carlringet al., 2011 Elguetaet al.,2009. WheninteractionbetweenCD40andCD40L
is inhibited in mice models, a lower mortality rate was reported owrtiafewith P. berghei
suggesting a pivotal role &D40in malaria severityPiguetet al.,2001). In-vitro models have
also revealed that immunoglobulins cannot be generated in respadSPBEB200 antigens
expressed during erythrocytic stage Bf falciparumin absence ofZD40-CD4(L interaction
(Garraudet al.,2002. These observations point out to the important roles of CD40.
2.2.1 The CD40polymorphisms role in inflammatory diseases

CD40gene is mapped tthromosome 20(q1213.2) and contains eight introns and nine
exons(Parket al.,2007). DespiteCD40genestanding out as multi-potent immunanodulator
in malariaaetio-pathogenesidew studies have examined the role of genetic polymorphisms that

exist in it. Polymorphisms inCD40 have been identified mostly in autoimmune and

infl ammatory diseases such as Gravesod tabj sease
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cerebral infraction and systemic lupus erythematQienet al.,2015 Li et al.,2013 Li et al.,
2012 Wagneret al., 2014 Wu et al., 2016 Zhanget al.,2013. In the context of malaria, a
study in Amazoran Brazil region did not show any association betw&0-1C/T with
susceptibility toP. vivaxinfection (Capobianccet al.,2013. Additionally the CD461LC>T has
been shown to be associated with chronic HBVatda (Chenet al., 1999. Therefore the
current study carried out an elaborate genetic analysis of three SNPs witQiD4bgene i.e.
CD40508G/A, -173C/T andlC/T) to determine the associations betwets genotypes and
haplotypes withseveremalariaanaemiain children residents oP. falciparumholo-endemic
transmission aee in Kenya and whether these polymorphisms influence circulating levels of
inflammatory mediators during. falciparuminfection.

2.3. The nuclear factor of kappa light enhancer in Bcells (N F HHEand nuclear factor of
kappa B inhibitor alpha (1 aBU)

Genes that regulate transcription of immune genes such as the nuclear factor of kappa
light enhancer in Rells (N F HiRlso play importat roles in infectious disease pathogenesis
through their ability to activate and regulate immune response through production-of pro
inflammatory moleculegBaeuerle and Henkel, 199&Ghoshet al., 19989. Members bthe
N F HiBmily include p50/p105, p65/RelA-Rel, RelB and p52/p100 but the main form of
N F HUB a heterodimer of the p50 and p65/RelA subunits, which are encoded by the genes
NFeB1 and NFaB2, respectively(Chen et al., 1999. The nuclear factor of kappa light
polypeptide gene enhancer incBlls NFHB1) is located at chromosome 4q@4 Beauet al.,

1992 Mathewet al.,1993. Innormal cells,th8lFHBi nds t o i ts 1 nhi-bitor
U) and is inactive but wh e nonéandBoteéasemealegradatioat e d
(Karin and BerNeriah, 2000, the N F HiB released and traihgcated to the nucleus where it

initiates transcription of target genes based on the st{@utore, 2003. N F HiBonly active
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during inflammation and its overlapping sites can be found at the regulatory sites of various

genegZhang and Fuller, 199hence it is a central point of cellular stimulation activation.

2.31. Therole of nuclear factor of kappa light enhancer in Bcells (NFaB) and nuclear
factor of kappa BU)i nihd biinfoectail pihsa g dBi nf |l amme
In infectious diseases such as malaria and some bacterial infections, the hallmark of
infflfammat ory responses i s a (cavometalg200§ Masenetalf, NF a B
2004 Punsawackt al., 2012 Tripathi et al.,2009. Studies in mice that are deficientNifFa B
gene demonstrate enhancedcaptibility to many bacterial and parasitic infectig8aamancaet
al., 1999 Grigoriadiset al., 1996 Shaet al., 1995. It has beerdemonstratedn-vitro that P.
falciparumderived haemozoin(PfHz) induces N F HiBanslocation into the nucleus in a time
dependent fashiofKempaiahet al.,2016.
The involvement of thé&l F HiB immunity to infectious diseases and its effector function
has been widely shown by mice studies involving gdsletions. Studiesn mice that are
deficient of specificN F Hugene demonstrate enhanced susceptibility to many bacterial and
parasitic infectiongCaamancet al., 1999 Grigoriadiset al.,1996 Shaet al.,1995. However,
the basidor the increased susceptibility to infection is often uncertain beddseusinvolved
in many aspects of the development and function of immune (8tten and Gazzinelli, 1995
Sanjabiet al., 200Q Xie et al, 1994. P. falciparumglycosylphosphatidylinosito{GPIs) and
haemozoirhave been shown to elicit expression of-ptammatory cytokines by macrophages
throughN F Hdependensignallingpathway(Tachadcet al.,1996 Zhu et al.,2005. This may
imply that the pathological mechanisms involvedPinfalciparummalaria due to imbalance of
pro-inflammatory molecules are ultimately mediated through\tie Hdggnallingpathway. It is

worth to note thatlecreased expssion ofNFaB p65 subunit has been shawto suggest a role
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in immune deegulation(Torreset al.,2013. In additionNFaB p65 expression was shown to be
significantly increased in individuals with sevefe falaparum malaria in Thai adults
(Viriyavejakul et al., 2014. These studies together show the importance oNfaB in the

modulation of immunity.

2.3.2 Therole of polymorphisms in nuclear factor of kappa light enhancecell8b CT .
YR ydzOf SFNJ FFEOG2N) 2F 1 FLILIF . AYKAOAG2NI I f§
disease

TheN F o Bdne is mapped on 4g2@4 while its main inhibitor] o Bi®Jencoded by
N F @ Bgengs located on chromosome 14qT8e commonly studiedl F a Bdertioni deletion
(1T94i ns/ del ATTG) pol ymor phism has been I i nke
expression oN F HBotein(Adamzik et al.,2012. In addition,combined genotype analysis of
N F 8 B4ins/del ATTG andN F @ BIUAR A/G has revealed that the ins/ins/GG is protective
against Hashimoto thyroiditis diseagkoc et al., 2014. Ealier studies have shown an
associationbetween polymorphisms itN F 8 B42GA with Cr o h n 6 s susdcepsibdity s e
(Klein et al., 2004 while the NF 8 B 1826 AA polymorphism and-826Gt550A/519C
haplotype have beettemonstrated to be associated with increased risk of rheumatoid arthritis
(Lin et al., 2007. However, no current studias reported associationsbetween genetic
variations inN F @ Brid its inhibitorN F @ Bwiti\severemalariaanaemisa common infectious
childhood disease in western Keny&iven the impar a n t roles of the NFaB
immune responsethe current studgarefully selected and investigated the association between
The N F 8 Br§747%59;-8079A/G rs980455 -3297C/T) andN F a B (rs2233406;-826A/G,

rs2233409-310A/G), their haplotypeand genotype combinations and susceptibilitgevere
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malariaanaemiain children from western Kenya R. falciparumholo-endemictransmission

area

2.3.3.The nuclear factor of kappa light enhancer in Bcells (N F HyBnd production of pro-
inflammatory cytokines

The nuclear transcription factors regulate the production of many mediators of immune
function, including pranflammatory cytokines, chemokines, and adhesion mole¢Glesshet
al., 1998; Siebenliset al, 1994) Specifically, it has been demonstrated &t HsBependent
PfHz induction leads to theproduction of inflammatory cytokineglaramillo et al., 2003.
Similarly, genomewide expression profiles in PBMCs of clinical malaria patients has revealed
enhanced infamat ory cytokine and wunr egu(Oeéenhodses i gn al
al., 2009. Since one of the hallmarks &f. falciparumsevere anaemia is traeregulated
production of inflammatory mediatorf@ackintosh et al., 2004 Perkinset al., 2011 and
production of mo s t of these mediators are re
possible that genetic polymorphisms in the promoter regioN Bfs Brid N F a BihflAence
SMA outcome. These demonstrate the i mportance of )
pathogenesisin this regard tdurtherinvestigatethe role ofNFHB1 andNFHBIA polymorphisms
in this paediatric population, the diudeterminedhe differences in thievels of polymorphism
mediated alterations in IHL0 and 1P10.
24. The in-vitro impact of P. falciparum haemozoin (PfHz) on expression of pro-
inflammatory cytokines

One of the key metabolites associated with immagregulatioror immunosuppression,
aberrant cytokine production and SMA is thefalciparumhaemozoinPfHz) (Giribaldi et al.,

2004 Keller et al., 200§. Studies have revealed that when circulating monocytes and
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neutrophils acquirdaemozoin(Hz), there is enhanced malaria seve(#yese and Schwarzer,
1997 CasalsPascualet al., 2006 Luty et al., 2000. PfHz loaded monocytes have been
associate with SMA in children from western Kerngdo-endemictransnission aregNovelli et
al., 2010. Murine models have shown that duridgfalciparummalaria infection, there occurs
changes in monocyte function for example antigen presentation and microbe killing (&tmlity
and Webster, 1989 Monocyte loaded witthaemozoinhave been shown to impair the
expression of major histocompatibility complex class Il antigen, CD54, and C3thaarzer
et al.,1999. These studies clearly show the pathological rolBfbiz in SMA. However, the
cellular signalling mechanism that results into the changes in inflammatodiator
deregulation dyserythropoiesis and subsequent SMA remains unresolMetice the current
study determined the effect expression levelsdofvnstream molecules of CD40 pathway i.e.
interleukinl beta (I-1 [ )nterluekin6 (IL-6) and tumour necrosis factor alphéTNF-6 )on
stimulation ofCD40signallingpathwaywith PfHz to help understand in part the mechanisms of

PfHz mediated immune deregulations observed during SMA.

25. Interle ukin-23 receptor (L -23R) role in infectious andinflammatory diseases
Interleukin23 receptor (IL23R) engagement by 123 promotes Fhelper 17 (Th17) cell

mediated inflammatory reactiof€henet al., 2007 Volpe et al., 2008. Thl7 cells are pro
inflammatory CD4 effector Tcells that mediate inflammatory process by secreting 7L
(Onishi and Gaffen, 2030 Binding of IL-23 to IL-23R activates signal transduction via the
Janus kinase (JAK¥ignal transducer activator thnscription (STAT3/4), ani F Hathways
(Choet al.,2009. IL-17 is produced by activatedcElls and is involved in priming of-ells
through its ability to stimulate macrophages and some epithelial cells to produce pro

inflammatory medators [e.g., IE1, IL-6, TNFU , N Onetalloproteases (MMP) known to be
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important in inflammatory diseas@solls and Linden, 2004Nakaeet al.,2003. IL-17 is also
important in linking immune responses withytropoiesis through its ability to enhance
proliferation of erythroid precursor cel{dovcicet al., 2007 Jovcicet al., 2004 Jovcicet al.,
200]). Although IL-17 has not previously been explored during malaroneinfection in the
cohort of children investigated here, a study in this population has shown that Has a
significant positive association with Hb in malandected children with HIV1 (Davenportet
al.,, 2012 and that 117 is elevated in children witfalciparum malaria andbacteraemiao-
infections (Davenportet al., 2016. In addition, Il-:23 is elevated in children with SMA
(Ong'echaet al., 2008. Thus, the IE23/IL-17 cytokine axis appears to be important in
mediating the development of inflammatory reactions in children that develop SMA.
2. 51. Polymorphisms inlL -23Rgeneand effect on susceptibility toinflammatory mediated
diseases

Investigations have further shown that in polygenic infectious diseases such as malaria,
pathogenesis is influenced by genetic variation in regulatory and/or coding regions of
inflammatory mediators and conserved molecular patterepters(Hobbset al.,2002 Munde
et al.,, 2012 Ouma et al., 2008 Tishkoff and Williams, 2002 As such, an improved
understanding of SMA pathogenesis can be achieved through identification of polymorphisms in
genes that mediate the development of severe disease. Althc@8hréiceptor variation has not
been explored in malariaarriage of rs10889677CC in tHe-23Rwas associated with increased
risk of cancer in Chinese populatio@henget al., 2012. Additional studies have provided
evidence on the important role of the-2B/Th17 axis on immunmediated diseases such as
Crohnoés d(Dseeret al.e2000,@sviasidCaponet al.,2007 Cargill et al.,2007) and

ankylosing spondylitigAS) (Ruedaet al.,2008. Collectively, these previous studidsw that
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variations inlL-23Rinfluence immune responses and thereby mediates the risk of inflammatory
diseases. Despite its potential importance, the role osywoeonymoudL-23R polymorphisms

has not been explored in the context of susceptibility toASMTo address this gap-
knowledge, thecurrent association between the genotypic and haplotypic structures ef non
synonymousL-23Rvariants (i.e., rs1884444 G/T are¥530511 C/T) and susceptibility to SMA

in children (636 months) resident &. falciparumholo-endemiaegion of western Kenya.

2.6. Fragment crystallisable gamma receptors( F ¢ ogBne aind its biological functions
The Fc gamma Receptor§- ¢ o) Rre cell surface proteins expressed on the surface of

antigen presenting cells (APCs) whidunction to help in recognition and elimination of
invading pathogenfCabreraet al.,2004 Marshet al.,1989. Fc o Rs bi nd t o Fc
immunoglobulin G (IgG)and thereby link antigen recognition by iodies with celbased
effector mechanisméHulett and Hogarth, 1994Jnkelesset al., 1988. HumanFcoR genes
form a clustered gene family, which are mapped to chromosome 1qg and are located|2® 21
(Daeron, 1997Indik et al.,1995 Ravetch and Kinet, 1991 Theyare involved in the clearance
of immune complexes, phagocytosis of antibedated pathogens, enhancement of antigen
presentation, secretion of reactive oxygetermediates (ROI), antiboeyependent cellular
cytotoxicity (ADCC), and cytotoxicity of antibodgoatedtumour cells (Fangeret al., 1989
Morganelli et al., 1992. The structural heterogeneity &f ¢ o ifbforms contributes to
differences in preferential binding affinity to the stlbsses of human IgG, distinct signal

transduction pathways, and cell typgecific distributiongSalmon and Pricop, 20D1

2.6.1. Biologicalimpactof Fc o Rs pol ymor phi sms
The binding of immunoglobulin domains to Fc receptors on tagét s important to

initiate immunologicaldefenceagainst pathogens including antigen presentation, phagocytosis,
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cytotoxicity, induction of inflammatory processes and modulation of immune resp@tieass
and Woof, 200L Ther ef or e, FcoRs are important in
humoral and cellular immunity by bridging the interactionwsstn specific antibodies and
effector cells(Raghavan and Bjorkman, 1996Previous studies demonstrate that polymorphic
variability in these receptors is an important determinant of susceptibilityections(van de
Winkel and Capel, 1993/an der Pol and van de Winkel, 199%hd thatthe efficacy of the

cellular immune response is influenced By opBlymorphisms, and consequently, influence

clinical outcomes f or i nlelmbéchestals20@)ives elea Bok s 6

and van de Winkel, 1998 The human FcoRI | Atiom& chonacytess
macrophages and neutrophils. The presende ©ofo R131AAY/131His polymorphism affects
the binding to the Ig&GandigGs (Warmerdamet al., 1990. As revealed by Warmerdam and
colleaguegWarmerdanet al.,1991), theF ¢ o RIU31A#4 allele is associated with low binding
affinity leading to reduced phagocytic activity and immune complex cleardhaaes Ris b A
activating receptor with two edominantly expressed alleles, the 176V and the 176F that differ
in an amino eid at position 176 in the extracellular dom&laline (V) or Phenylalanine (F)
respectively (Ravetch and Kinet, 1991 This dmorphism in the amino acid influences the
binding of the immunoglobilG (IgG) subtype, with the 176V variant having higher binding
affinity for monomeric forms of IggandigGs as compared to the 17§KRoeneet al., 1997

which is potentiallymportant in infectious disease immunity.

S u

phac

On the surface of polymorphonuclear leucocytes, themoshatt ant | y expr es s ec

theF ¢ o9 R.lI Thés@&receptors exhibits two allotypic forms i.e. neutrophil antigens (NAs) 1 and

2 which differ in minor amino acids at position 65 and 82 in two eyffyaosylation site in NA2

(Bux et al., 1999 Ory et al., 1989 with different binding affinities. The NA2/NA2 allotype is
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associated with low immunoglobulmediated phagocytos(Brediuset al.,1994 Salmonet al.,
1990. The phagcytosis of IgG-and IgG-opsonized immune complexes is more efficient on

neutrophils bearing ¢ o R-NAllrekative toF ¢ 9 R-NA2I(BBediuset al.,1994).

2.6.2. Fc gamma receptory F c¢ opBl@mporphisms in malaria

A number of genetic association studies have provided evidence that polymorphic
variation in FcoRs have a strong effect on ¢
(Chenetal., 2006 Omi et al.,2002 Oumaet al.,2012 Schuldtet al.,2010 Wu et al.,1997).
Even though FcoRs are 1 mportant in the i mmu
haplotypes on susceptibility to SMA in immunaivechildren remain largely uratermined. In
the present study, the association betwEem 9 R F £ AIR larid F ¢ o IBI hhplotypes and
SMA, and the influence of these haplotypes on pergiharasite burden durirfg. falciparum
infectionswere determined a wellphenotyped cohort athildren(aged 636 months) fom aP.

falciparumholo-endemidransmission area western in Kenya
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CHAPTER THREE: MATERIALS AND METHODS

3.1 Study site
The study was conducted in Siaya County Referral Hog{8taRH)in western Kenya

(Appendix1). An earlier studies byObonyoet al.,2007) at this site reported that the percentage
of children agedelow 5 years whavere hospitalised witsMA was 18%. In addition, it has
been demonstrated that despite concerted malaria control strategies, thiscoegionesto
show an increasing trendf infection (Okiro et al., 2010. Moreover,SCRH is the major
government referral hospital fahe population living inthe P. falciparum holo-endemic
transmission region of Siaya County, western Kenya. The intensity of malaria transmission in
this holo-endemicregion is experienced during the seasonal rainfall&pril to August and
November to JanuarBeieret al.,1994). Inhabitants of the study area are predominantly of the
Luo ethnic tribe (>96%), with the population beiggneticallyhomogeneous hence suitable for
genetic study(Blolandet al., 1999 Ong'echaet al.,2006. It is approximately 1520 kfrin size
and lies between Latitude 0° 26' to 0° 18' North and Longitude 33° 58' East and 34° 33' West
(Appendix 1.
3.2 Study design and patient population
3.2.1 Recruitment of study participants

This was aretrospectivecasecontrol studyusing persevered samples dfildren of
agel6-36 months.Children of both sexesere recruited at SCRH in western Kenya during their
initial hospitalization for treatment of malaria using a questionnaire and existing medical records.
Enrolment was confined to children less than 3 years of &gse were childrewithin with
positive smear for asexuBl falciparumparasitaemiaf any desity and faemoglobin (Hb<5.0

g/dL and Hb<6.0 g/d). Controls werehildren of similar age and same gender with-sewvere

22



malaria anaemid. falciparum malaria (two of the following: nausea/vomiting, diarrhoea,
headache, myalgia, poor feeding) accomparby a positive blood smear showing asexual

falciparumparasitaemiand Hb>5.0 g/dL or Hb>6.0 g.dL)

3.2.2 Screeningand enrolment

Recruitment followed a twphase tier of screening and enrolment. The parent/legal
guardian of the child receiveddetailed explanation of the study. Enrolment decisions were
made after amitial HIV -1 screening of the child and a signed informed consent, which included
the authority to publish the findings. Questionnaires and written informed consent were
administeed in the language of choice (i.e. English, Kiswahili or Dhol(®ppendix 2.
Children with acute malaria were stratified into two categamording to the WHO criterion
of classification SMA nonseveremalaria anaemia(nonSMA) group defined as a piive
smear for asexud. falciparump ar asi t emi a (of any;asd8MAsgiotpy ) and
defined by a positive smear for asexRalfalciparumparasitemigof any density) and Hb<5.0
gdL (WHO 2000) For furtherregressioranalysisto includethe regionalperspective of SMA
children werealso classifiedasnonSMA; Hb O @dLd and SMA Hb<6.0gdL* basedon sex,
age and geographically matchewasuremestof over 4,000 Hb concentrations of children
from western KenygdMcElroy et al.,2000. Venous blood samples (<3.0 mL) were collected
into EDTA-containing vacutainer tubes at the time eirolment, prior to any treatment
interventions or supportive care. Blood samples were used for malaria diagnosis, complete
haematologicaprofile measurements, HIV testing, bacterial culture. Participants were treated

according to the Ministry of HealifMOH)-Kenya guidelines.
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3.23. Eligibility criteria
Upon enrolment into the study, HIYV status, parasitaemia and haematological
measurements of the chieredetermined. The children with acute malavierethenstratified

into two categoriesf SMA and norRSMA based on both local and the WHO definition of SMA

3.2.4 Inclusion criteria

Mal aria parasitaemia ( any6nidoemtshist ygn dah3dé Hbo
parent/guardian willing and able to sign consent form; able to keep schedule and study
appointmentsa bl e to provide two contacts fathe | i ar
study period.
3.2.5 Exclusioncriteria

Children with CM (a rare manifestation in this ha@ondemic area); history of any HY
related symptoms such as oral thrush; clinical evidence of acute respiratory infection; prior
hospitalization; intent toetocate during the study period; unwillingness to enrol child in the

study.

3.3. Samplesize determination

The current study recruited children (age®6 months)that presentedvith clinical
symptoms of malariat SCRH According to previous repor(®upont and RImmer, 199)) the
Bonferroni correction for 2 different loci would require a ggemparison alpha of 0.004 for
sample size calculations. However, given the increased power provided by the procedure
(Dupont and Plummer, 1990it is estimated that samgpbkizes base o n a nprowd&&. 0 1
balance between Type | and Type Il errors. Based on this rationale, it is conservatively
estimated that to bable to achieve80% powerwi t h a Type | error rat

frequency difference of 0.2 between cases andralsnivas required. Therefore the following
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formulae byWhitley and Ball (2000yvas used. (Whitley and

Ball, 2002)

r +J) (PA- P(Z, +Z,,)*
(P~ P,)°

Where
N is the sample size
r is the ratio of contis to cases.

p is a measure of variability (similar to the standard deviation)

(p1-p2) is the effect size (difference in proportion)
Zp represents the desired power (typically 0.84 for 80% power)
Zurepresents confidence intervaldigally 1.96 for 95% CI)

The proportion of children with SMA in this hekndemic region according to previous studies

is about 20% (B=0.2) of all malaria admissiorf®bonyoet al.,2007). Based on previous study

(Oumaet al.,2008h, todetectodds at i o of 2 (OR=2), ratio of cas
Using ration of r=1, the proportion of the control group i£isRjiven by;

OR= pz(l' pl)
pl(l' pz)
_p.(1-02)
0-2(1' pz)

p, =0.35

The average proportion of children expose® téalciparummalaria and possess the genotypes
—_p,trp, _051

is given by, p= ) == =0.26
Therefore, 1+1) (0.26)(1- 0.26)(0.84+1.96)° —164
(0.21- 0.35)°
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3.4. Collection and processing of blood samples

Haemoglobin levels and complete blood counts were determined using the Beckman
Coulter ACT di-Codn®rECorpoBaton, kMisaip FL, USA). To determine
parasitemia, 10% Giemsdained thick and thin blood smears were prepared and examined
under a nmgroscope at high power magnificatio®. falciparumparasites per 300 white blood
cells (WBCs) were determined, and parasitemia (per puL) was estimated using the total WBC
count. In order to delineate severe anaemia caused by malaria versus other-pramotiag
conditions, human immunodeficiency virus (HIY) bacteraemia, glucosephosphate
dehydrogenasd e f i ¢ i e n c yhalass@rdi® dd sicktkll trait (HbAS) were determined
in study participants. The effects of these parameters on disease severity outcomes were
statistically controlled in the regression analysi®re and postest HIV counsellig was
provided for all participantsHIV -1 exposure and infection were determined serologically (i.e.,
Uni gol dE and DetermineE) and di slcpoovirdleDNA r e s u
PCR testing, according to previously published metl{@denoet al.,2006) Bacteraemia was
determined by microbial cultivation according to standard metf@eskinset al.,2011) The
presence of the sickle cell trait (HbAS) was determined by cellulose acetate electrophoresis
(Helena BieSciences, Oxford, United Kingdom), Appendix 3, whil&PD deficiency was
determined by a fluorescent spot test using

Bray, Ireland), Appendix 4.
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3.4.Functional analysis and genotyping ofelected genetic variations

3.41. Functional analysis and the selectiof CD40promoter single nucleotide
polymorphisms (SNPs)

The promoter polymorphisms SNPs were selected from a subset of transcriptomics data
which showedCD40 NFHB1 and NFHBIA were differentially expressed in SMAersusnon
SMA. Since existence of functional variants t hi n gene regul atory regi
untransl ated regions (506UTR) ] has the abilit)
translational initiatior{Chorleyet al.,2008 Cooksonet al.,2009), those potential SNPs that are
in regulatory regiongvere selectednd in-silico Transcription Factor Binding Sites (TFBSS)
performedaccording tqPiechotaet al.,2010. From the genome array of tkéb40 haploblock
spanning (84kb)the array composed of 46 SNPBased on TFBSs analysis and MAF (>5%)
top threeCDA40 variants [i.e.rs1800686;-508G/A rs7521181 173C/T andrs1883832-1C/T]
were selected for validation. The analysis showed that presence C alelais onCD40
(rs1883832) results into the binding of Yin Yang 1 (YY1), Enkephalin Transcription Fdctor
(ENKTF-1), andX-box binding proteith (XBP1) while the presence of allele T abolishes the
binding these transcription factors. The C allele at th&3 (rs752118) locu¥'Y1l and
peroxisome proliferateactivated receptor alp@PARU) while the T allele leads to binding of
XBP1. Analysis of he transcription factors that bind in the presence of G allele ab@&
(rs1800686) locus revealed the binding @fianine nucleotide binding proteins alpha-WG
Nuclear factor kappa BN(F HiBand eE-twenty-six transformatiorspecific (cETS) while tle
minor allele A allows for the binding of CCAAT/enhandending protein beta (C/EBB ) . I n
summary,the identified transcription factors reveal that, presence of mutant alleles within the

regions may have profound impact G®40function (Appendix5).
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3.42. Functional analysis ofand selection oN F HUBadd N F HUB SNPs

The N F HuBdriants [i.e. rs7475598079 G/A andrs980455% -3297C/T] andN F HUB | A
[i.e. rs2233406-826G/A, rs2233409:310G/A] were tested. Via TFB8&nalysis, presence G
allele at-8079locus onNFaB1 (rs747559) results into the binding of glucocorticoid receptor
beta (GRb ) CCAAT/enhancebinding protein alpha and beta (C/EBP and b) , POU ¢
homeobox 2 (POUF2) angl-box binding proteith (XBP1) while in the presence of the A aklel
only the GR-b binds. The C allele a3297 of N F FHuBotus ¢s980455) leads to binding of
chickenovalbuminupstream promoter transcription factor 1 (CQUIPL) while in the presence
of the minor allele, COUAF1 andGR-U bi nd. A & IHB 82233406 locust h e
showed that the major allele (G) at #3826 locus leads to binding&R-b whi | e t he mi no
(A) causes the binding of Foxhead box protein 3 (FOXP3), Homeobox D10 (HOXD10) and GR
b . The maj or N&IHB&2283400 B)0GA) lmaus shawed the binding of
Activating enhancer binding Proteinra®aha (AP2A). However,the minor allele (A) at this
locus showed additional transcription factor binding i.e. FOXP3, Vitamin D receptor (VDR) and
Peroxisomal targeting signal importceptor 1(PXR1). Thesein-silo analyses point to the
prospect that presence of either the wild type or the mutant alleles may have profound impact of

the function of the gen@ppendix5).

After TFBS analysis, theéhree CD40 variants [i.e.: rs1800686;-508G/A assay ID
C_7499626_10, rs752118173C/T), assajD: C_594685_10, and rs1883832C/T), assay ID:
C_11655919 20kwo N F o Bel rs747559-8079G/A; assay ID:C_804250 1Pandrs980455
-3297C/T, assay ID:C_8935018 10 and twd F HéBi.e. rs223306; -826G/A assay ID;
C_73867_10 and rs223340310G/A assay ID: C_15945891 1@jhich had possible effect on

transcription factors bindingere genotyped
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3.43. Selectionof non-synonymous mutationwithin IL-23Rand FcgRs

Non-synonymous mutations am@aportant in determining the binding affinity of receptors
due to alterations of amino acid sequencés.addition, selection ofL-23R (rs1884444 G/T
(assay ID:C__ 11728603 I0and IL-23R rs7530511CT (assay ID:C__ 2990018 10 and
FcgRIIA-131Arg/His (rsB01274, assay IDC__ 9077561 _20) anBcgRINA 176F/V (rs396991,
assay ID:C__ 25815666 10nonsynonymous mutation was based on their ability to alter

respective amino acidggequences

3.44. Genotypingselected single nucleotide polymorphisms (SNPahd construction of
haplotypes

Genomic DNA was extracted from buccal swabs using the MastéfABpccal swab
DNA extraction kit (Epicentre Biotechnologies, Post Road, Madison, WI, USA), cleaned and
concentrated where necessary using the genomic DNA clearcamudntration kit (Zymo
Research,Irvine, CA, USA). To achieve more DNA cigs, Genomiphf V2 DNA
Amplification Kit (GE Healthcare Bikbciences Corp, Piscataway, NJ, USwas used
Genotyping for all thesselectedpolymorphisms excepEcgRIIIB-NAL/NA2 genotyping was
performed usingragMarf 5' allelic discrimination Assa@y-Design highthroughput method
based on the manufacturer's instructions (Applied Biesys, Foster City, CA, USA).For
genotyping of thé-cgRIlIB-NAL1/NA2 was performedising allelespecific sequencerimersas
described byBux et al., 1995. After determination of genotype frequenciess genotypes
generated were then ran in HPIlus software (Fred Hutchinson Cancer Research Center, Seattle,

WA, USA) to generate haplotype constructs.
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3.5. Determination of In-vitro Effect of P. falciparum-Derived Haemozoin (PfHz) on the

L evelsof IL-1b, IL -6 and TNFUvia the CD40Pathway

To determine theexpressionlevels of CD40 downstream molecules -ULb , -6 dndl
TNF-U) produced as a result o f insperiphamalblaotd i o n
mononucleacells (PBMCs),blood wasobtained from n=2 malaria unexposgdrth American
individuals Venousblood (300 mL) was drawn into EDTAcontaining vialsand PBMCs
prepared using ficoll/Hypague method as descri@dinberget al., 1981). PBMCs were the
culturedat 1x16 celldmL in mediaand stimulated wittsmall molecule inhibito(SML116Q
100.0pM, Sigma Aldrich, Mssourj USA; inhibits the CD40 pathwaydloneor with SML and
PfHz (10.0 ug/mL). PfHz was isolated according to established laboratory protocol (Appendix
6). In addition, Ant-CD40 monoclonal antibod$2C6(2.5 pg/mL, MabTech Ab,West Street,
Ohio, USA) alone orwith PfHz were also used for stimulation. Bgthosphate buffered saline
(AXPBS Sigma Aldrich, Missouri, USA) and Dimethyl Sulfoxide (1.0% DMSO, Sigma Aldrich,
Missouri, USA) The cells were stimulated with either the SML or AGD40 foronehour prior
to addition of thePfHz. Cultures were incubated triplicatesat 37°C in 5% C@atmospheréor
4, 12, 24 and 48 hourLellswere then collected at each time panticell pellets collected for
RNA isolationand determination di.-1 b , -6 dnd. TNFUexpression levelsUsing 1.0s g / € L
of total RNA, complementary DNA (cDNA) was prepared with the transcriptor first strand
cDNA synthesis kit Roche Diagnostics, Mannheim, GermanyFor measurement of gene
expression | evel s, 0 . 5 asgd fer Llgenspéecificr TagMafl ¢PCR g
assays. cDNA was amplified in duplicate wittspecific primer/probe set®r N F 3 Badd
N F HUB fegpectively s015554410m1, Hs00174128 ml and Hs0098564 npApplied

Biosystems, Foster City, CA]). Betaactin ( {factin) which is a constitutively expressed
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housekeeping genwas used as an endogenous control to normalize the gene expression data in

a quantitative gene expr es-3imoRCR Systema(ABl)on t he S
3.6. Determination of Peripheral Inflammatory Mediator Levels

Circulating levels of inflammatory mediators were measured using multiplex assay.
Plasma samples obtained from venous blood were stor8@°& until use. To limit variations
between measurementsatth analysiswas performed Infl a mmat ory medi at or 0s
determined by the Human Cytokine-g9 ex Anti body Bead Ki't (Bi o
Camaril | o, CA, USA) accor di nByiefly, the wellseverenmen uf act
wetted by adding 200 pL of working washlston into designated wells then incubated for
Incubate plate 30 seconds at room temperature. The working wash solution was then aspirated
from the wells using the vacuum manifold. The bead solution was then vortexed for 30 seconds,
then sonicated agafor 30 seconds. 25puL of the bead solution was added into each well and the

plate immediately protected from light to prevent pHolEaching.

To the wells 200uL working wash solution was then added and beads allowed to soak for
20 seconds. The wells weethen washed by aspirating the working wash solution from the wells
with the vacuum manifold. The washing step was repeated once and the bottoms of the filter
plate were blotted on clean paper towels to remove any residual liquid. To each of tfEwells
pL of incubation buffer was added. To the wells designated for standard curves 100uL of each
standard dilution was added while to the wells designated for sample, 50pL of assay diluent was
added followed by 50uL sample. The filter plates were therreavwith aluminium foil and
incubated for 2 hours at room temperature on orbital shaker at 500 rpm. After incubation, the

plated were washed using 200uL of wash solution.
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To the washed plates, 100uL of 1X biotinylated antibody was added to each dell an
then incubated for 1 hour at room temperature on an orbital shaker at 500 rpm to keep the beads
suspended during incubation. After incubation 200uL of wash solution was added to each well
to soak the beads then aspirated using vacuum manifold. Took#oh wells, 100uL of 1X
streptavidinRPEwas added and incubated the plate for 30 minutes at room temperature on an
orbital shaker 500 rpm. The liquid in the wells was removed by vacuum aspiration manifold and
then beads by adding 200uL working washusoh to the wells allow the beads to soak for 10
seconds, and then aspirated using the vacuum manifold. Washing step was repeatédchawice.
plates were read on a Lumiffet 0 0 E s y s t e Corpdration, Augtirng TX) and data
was analysedusing the Bo-plex manager softwarevérsion 1S.2.3; BieRad Laboratories,
Hercules, CA, USA).The analytes detection limits were: 15pghfor IL-1 b,  6'fog Im2,
15pgmlL?! for IL-10 and IP10, and 10pgmt! for both MIR1 U/ CCL 3 -1& nThesel L
inflammatory mediators were selected based on the presem¢& dlddnsensus binding sites

within their promoters as this would influence theafigene products.
3.7. Statistical analyses

Chi-square ¢?) analysis was used tteterminedifferences between proportions. Mann
Whitney U testor students ttest was used for comparisons of demographic and clinical
characteristics between the cliaigroups, inflammatory mediatgiia carriage and nenarriage
of respective haplotypeshere appropriate Genotype and haplotypic frequencies @D40,
NFaB1, N F23m &ndFcgRd palymorphisms were compared between -S&A and
SMA groups by using the? tests. The association between genotypes and/or haplotypes and
SMA was determined using bivariate logistic regression, controlling for the cahfouaffects

of age, sex, cinfections (HIV-1 and bacteraemin G6PD deficiency HbAS and alpha
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thalassemia status in the regression model at 95% confidence intervaC@eiglation between
haemoglobin levels and IL 7 was det er mi n e orrelatien Alystatssical a r ma n ¢

significancewereset atP¢0.05.
3.8. Ethical considerations

Approval to carry out this studyas provided by the Kenya Medical Research Institute
(KEMRYI) Ethical Review Committe€Appendix7). Confidentiality of patient iformation was

ensured by ensuring restricted access to patient information and use of unique identifiers
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CHAPTER FOUR: RESULTS

4.1 General Clinical, Demographic and Laboratory Characteristics of all Study
participants.

Children (n=1,128, aged-8 months) presenting with acuke falciparummalaria (any
parasite density) were recruited into the studior general lmical characterizationthe WHO
definition of severemalariaanaemiai.e. nonseveremalariaanaemiahonS MA ; Hbd5. 0gdlL
n=916) andseveremalariaanaemia(SMA; Hb<5.0gdl!; n=212). All the determined clinical,
demographic and laboratory characteristics are summariZegbie4.1. The proportions of sex
were comparable between the clinical groupsQ.487). Children in noi$MA group [median
(IQR); 12.7 (10.7)] were older compared to those in SMA group [median (IQR); 10.1 (10.1),
P=0.001]. The axillary temperatur€d) at admission did not differ between SMA (median
(IQR) 38.0 (10)] and noSMA (median (IQR), 37.9 (1.0)P=0.210]. Children with nofsMA
presented with lower respiration rate (median (IQR), 26.0 (14.0) relative to SMA (median (IQR),
32.0 (12.0),P<0.001]. Analysis othaematologicaparameters as expected based on clinical
stratificaion revealed that the children with rR&MA had higher levels diaemoglobinmedian
(IQR), 7.1 (3.0) compared to SMA (median (IQR), 4.2 (1R)0.001)]. Similarly,haematocrit

was also higher in the neé®MA (median (IQR), 22.4 (8.3) than the SMA (med{#@R), 13.1

(3.2),P<0.001]. The levels of red blood cells (RB@) 1012pL‘1) were relatively higher in nen
SMA [median, (IQR) 3.4 (1.4)], than SMA [median (IQR), 1.8 (0.8)4.0.001]. The red cell
distribution width (RDW) was lower in children with n@MA [median, (IQR) 21.4 (4.5)]
compared to those with SMA group [median (IQR), 22.8 (6/%0.001]. There was higher

mean corpuscular volume (MCV, fL) in SMA compared to+48MA; median (IQR),72.8 (12.0)
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and median (IQR), 68.6 (12.3), respectivélyx0.001]. Mean corpusculanaemoglobinfMCH,

fL/cell) was also lower in the neBMA group [median (IQR)22.0 (4.2)]compared to SMA
group 22.6 (4.3),P<0.001]. Accordingly, themean corpusculanaemoglobinconcentration
(MCHC, gdLl) was higher in the neBMA category [mean (IQR) 32.2 (2.4)] than SMA
[median (IQR), 31.9 (3.5)]P=0.001]. The proportion of children with reduced reticulocyte
production index (RPI<2) was were also comparable between SMA group 192 (90.0%) relative

to nonSMA 765 (86.1%)P=0.089. Children with nof6MA had lower counts of white blood
cells WBC (><103pL'1); [median (IQR)11.2 (5.6)] relative to those with SMA [median (IQR),

15.0 (9.9),P<0.001]. Similarly, there were lower counts of lymphocytes %pxll(}) in non

SMA [median (IQR 5.2 (3.6), while higher in SMA [median (IQR), 6.8 (5.Bx0.001]. The

monocytes counté<103uL'1) were also higher in SMA [median, (IQR), 1.4 (1.5) than the non

SMA group [median (IQR), 0.9 (0.8R=0.001]. There was, however, no differences in the
counts of granulocyte$x103uL'1), between the children with n€&8MA [median, (IQR), 5.2

(4.1)] vs SMA [median, (IQR), 5.5 (5.1)P=0.104. In additionthe platelet count(;><103uL‘1)

were higher in the neBMA group [median, IQR)151.0 (120.0)] compared tSMA group

[median (IQR), 142.0 (84.0)P=0.027]. Parasitemia did not differ between the -S&MHA

[median, IQR) 28737.9 (79160.8)] and SMA [median, IQR) 23313.4 (6735028)),113].

Moreover, the proportion of children with high density parasitemia @@F0 , 000 pYar asi t
were comparable; ne8MA, 647 (70.6%) grsusSMA, 136 (64.2%)P=0.065]. Examination of

the distribution of the genetic factors that have been shown to influence malaria outcome (sickle

cell trait, G6PD and alpha thalassemia) resddhat children with sickle cell trait were more in

nonSMA 150 (16.4%)than SMA 19 (9.0%), P=0.007) whileG6PD and alpha thalassemia

were comparable between the groups; G6PD in3idA 37 (4.4%) while in SMA 13 (6.5%),
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(P=0.435)and for alpha thalasseanivere in nor6MA 148 (18.5%) and in SMA 35 (17.8%),
(P=0.689), respectively. Children withacteraemiaas a ceinfection in malaria were also
comparable between n&8MA 86 (9.4%) and SMA 20 (9.5%)P€0.979). Similarly, the HIVL

co-infections were alsmot different between the né®@MA 29 (3.2%) and SMA 11 (5.3%),

(P=0.145).
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Table 4.1. General Clinical, Demographic andL aboratory Characteristics of theStudy

Participants

Non-SMA SMA P-value
Characteristics ( Hb O5 10 ¢ (Hb<5.0gdL?)
n=916 n=212

Sex, n (%)

Male 452 (49.3) 99 (46.7) 0.487
Female 464 (50.7) 113 (53.3)
Age, (months) 12.7 (10.7) 10.1 (10.1) 0.00T
Temperature, (°C) 38.0 (1.0) 37.9 (1.0) 0_21(5)
Respiration rate, (breathsm 26.0 (14.0) 32.0 (12.0) <0.00T
HaematologicaParameters
HaemoglobingdL? 7.1(3.0) 4.2 (1.0) <0.00T
Haematocrit, % 22.4 (8.3) 13.1(3.2) <0.00T
RDW, % 21.4 (4.5) 22.8 (6.0) <0.00T
MCV, fL 686 (12.3) 72.8 (12.0) <0.00F
MCH, fL/cell 22.0 (4.2) 22.6 (4.3) <0.00P
MCHC, gdL! 32.2 (2.4) 31.9 (3.5) 0.00P
RPI<2, n (%) 765 (86.1) 192 (90.6) 0.089
WBC (x10°uL™Y) 11.2 (5.6) 15.0 (9.9) <0.00f
Lymphocytes, (x18uL™?) 5.2 (3.6) 6.8 (5.3) <0.00®
Monocytes, (x18uL™?) 0.9 (0.8) 1.4 (1.5) 0.00%p
Granulocytes, (xIL™) 5.2 (4.1) 5.5 (5.1) 0.104
Platelet Countgx10*uL™) 151.0 (120.0) 142.0 (84.0) 0.027
Parasitological indices
Parasite density (ub) 28737.9 (79160.8) 23313.4 (67350.8) 0.113
HDP, n (%) 647 (70.6) 136 (64.2) 0.065
Genetic factors
Sickle cell trait, n (%) 150 (16.4) 19 (9.0) 0.007
G6PD deficiency, n (%) 37 (4.4) 13 (6.5) 0.43%
Alpha thalassemia, n (%) 148 (18.5) 35 (17.8) 0.689"
Co-infections

Bacteraemia 86 (94) 20 (9.5) 0.97¢
HIV-1 29 (3.2) 11 (5.3) 0.148

Data are presented as the median (interquartile range; IQR) values unless stated otherwise.
( Hb &'5with gng density parasitaemia and SMA
(Hb<5.0gdL?, with any density parasitaemia)Statistical gnificance was determined by the &juare
(c?) analysis.P Statistical significance was determined using Mann Whitney test. Abbreviations: G6PD;

participants were categorized into RSV A

Glucose6-phospahate dehydrogenase;

HDP High

parasitemia;

HI:

Human

Immunodeficiency Virudl; MCV; Mean corpusculavolume; MCH mean corpusculara@moglobin
MCHC; mean corpusculahaemoglobinWBC concentration; RB&Red blood cellsRDW,; Red cell

distribution width;RPI: Reticulocyte productiomdex; Whiteblood cells
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4.2.CD40 Variations and SMA
4.21. Proportional distributions of CD40genotypes in the study groups

Based on clinical classification of study participants, the distributionS40 SNPs
within these groupsvere determined There were 806 (88.0%) feb08GG, 96 (10.5%) for
508GA and 14 (1.5%) for508AA in the noRSMA group while 192 (90.6%) foi508GG, 11
(5.2%) for-508GA and 9 (4.2%) for508AA in SMA. These distributions showed significant
differences between n®MA and SMA,P=0.003, (Figure 4.1A). Furthermore, tHe08G/A
SNP revealed that the overall major allele (G) frequency was 0.93 while the minor allele (A)
frequency was 0.07. The alleles showed a significant deviation from the iMé&uhperg
Equilibrium [HWE, (c?>=70.0,P<0.001]. The frequency of th€D40-173CIT were as follows
in nonSMA; -173CC 808 (88.3%)173CT 92 (10.0%) anel73TT 16 (1.7%) whereas in the
SMA group were-173CC 193 (91.0%);173CT 5 (2.4%) and 14 (6.6%). These proportions
revealed that thel73CT were higher in the né®MA as compared t8MA unlike the-173TT
which were higher in SMA relative to né8MA, P<0.001, (Figure4.1B). For the-173C/T
variation, the overall major allele (C) frequency was 0.94 while the minor allele (T) frequency
was 0.06. The alleles showed a significant demiafrom the HardyWeinberg Equilibrium
[HWE, (c?=67.5,P<0.001)]. The proportions ofCD40-1C/T in nonSMA were -1CC; 867
(94.7%),-1CT; 44 (4.8%) and1TT; 5 (0.5%) while in SMA;1CC were 165 (77.8%)1CT:; 36
(17.0%) and-1TT; 11 (5.2%), (Figure 4.1C)These results revealed significant differences in
proportional distributions ofLtCT and-1TT between noisMA and SMA groupsP<0.001. The
overall major allele (C) frequency was 0.95 while the minor allele (T) frequency was 0.05. The
alleles showed aignificant deviation from the HardyVeinberg Equilibrium [HWE(c?=69.6,

P<0.00).

38



S 801 5 a0 o 3 Non-SMA
% s $ W | S
ol 8_ 0
g &l g :
: 2 o o g
2 o )
. S 5
X > 4] > 401
; ; ;
3
T 3 3
? o) o}
s [0} 0
I 2 £
LU w H (e —m [ rl.l n
66 GA AL o o1 T o o m
CDAO (508G/A) CD40 (4730 0D (1)

Figure 4.1. Proportional distributions of CD40genotypesn the study groups

Data are presented as percentage of children within thg ghadips with respective genotypes. Children with
parasitemia were categorized on the basis of presence or abs&idé ofStatistical significancevasdetermined
by thec?analysis.
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4.22. Association betweerCD40 Variations and SevereMalaria Anaemia

On the determination of the proportional distributions witttie study groupsthe
associations between these polymorphisms and SMA using different genetic models (i.e.
dominant, additive and recessive models of each genotygre) determined Bivariate logistic
regression analysi® a modelwhich involved controlling for asemiapromoting factorsage,
sex, ceinfection (HIV-1 status anthacteraemin alphathalassemia, sickle cell trait (HbAS) and
G6PD deficiencyOtienoet al.,2006 Shahet al.,2016 Wambuaet al.,2006a Wambuaet al.,
2006h Wereet al.,201]) was used Using theCD40-508GG as the reference in the dominant
model, theCD40-508 (GA+AA) showed no association with SMAR=0.72, 95%CI=0.43
1.19, P=0.198]. The additive model ofCD40-508G/A revealed thatCD40-508GA
(heterozygous) was associated with protection against S®IR=).39, 95% CI=0.150.85,
P=0.020], and was in agreement to its higher proportions iRSMA whereas the carriage of
the CD40-508AA under this model was associated with risk of SNORE2.29, 95%CI=1.18
4.44,P=0.013]. In the recessive model, the carriage of Gl0-508AA revealed a strong
association with susceptibility to SMAOR=3.26, 95%CI|=1.357.84, P=0.008]. TheCD40
173C/T variations dominant model showed that there was no association betwe@#ekE/73
(CT+TT) [OR=0.71, 95%CI1=0.421.19,P=0.196]. While considering the additive model, the
carriage of the heterozygo@)40-173CT genotype was associated with 7@idtection against
SMA [OR=0.23,95% CkE0.11-0.49,P<0.001] consistent with its distribution in n&MA while
the existence o€D40-173TT was associated with risk to SMAR=4.97, 95%CI=1.9612.62,
P=0.001]. In the recessive model, the carriage of @m0-173TT versus-173(CC+CT)
revealed 4.8olds risk to SMA PR=4.82, 95%CI|=2.2310.42,P<0.001]. In the dominant

model of CD40-1C/T using CD40-1CC as the reference, carriage of CT+TT revealed a
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significant association with the risk of SMA [OR=5.27; 98%-3.038.20, P<0.001]. The
additive model revealed that tlkD40-1CT was associated with high risk of SMA [ORI=26,
95% CF3.8233.23,P<0.001]. W.ith only sixteen (16) homozygous vari&®D40-1TT, no
significant association with SMA susceptibilitPR=2.53, 95%CI=0.798.09, P=0.117) was
detected Using the local definition of SMA (Hb<6.0 g/dL) further regression analysis revealed
that the carriage o€D40 -508 GA and the AA genotypes were associated with protection
(OR=0.61, 95%CI=0.47-0.92, P=0.041) and risk (OR=1.63, 95%CI|=1.052.96, P=0.038),
respectively. Carriage of theD40-173 CT OR=0.53, 95%CI=0.320.78, P=0.027) and the
CD40-173 TT OR=2.51, 95%CI=2.01-7.62,P=0.011) were associated with protection and risk
of SMA, respectively. As shon when SMA of Hb<5.0 g/dL was used, the carriag€b#0-1

CT showed association with risk to SMaith modified definition(OR=8.01, 95%CI=1.50G

21.81,P<0.001)as shown inrable4.2
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Table 4.2. Association betweerCD40 Variations and Severe Malaria Anaemia

Genetic Models Variation

SMA (Hb<5.0 g/dL)

SMA (Hb<6.0 g/dL)

CD40-508 G/A OR 95% CI P-value OR 95% CI P-value
Dominant GG Ref

GA+AA 0.72 0.431.19 0.198 0.82 0.67-2.11 0.251
Additive GG Ref

GA 0.39 0.150.85 0.020 0.61 0.47-0.92 0.041

AA 2.29 1.184.40 0.013 1.63 1.052.96 0.038
Recessive GG+GA Ref

AA 3.26 1.357.84 0.008 1.89 1.203.82 0.001
CD40-173 CIT
Dominant CcC Ref

CT+TT 0.71 0.421.19 0.196 0.93 0.67-2.16 0.372
Additive CcC Ref

CT 0.23 0.11-0.49 <0.001 0.53 0.320.78 0.027

TT 497 1.9612.62 0.001 2.51 2.01-7.62 0.011
Recessive CC+CT Ref

TT 482 2.2310.42 <0.001 3.75 2.897.09 0.017
CD40-1C/T
Dominant CcC Ref

CT+TT 5.27 3.038.20 <0.001 3.66 2.206.90 0.021
Additive CcC Ref

CT 11.26 3.8233.23 <0.001 8.01 1.5021.81<0.001

TT 253 0.798.09 0.117 1.97 0.386.42 0.397
Recessive CC+CT Ref

TT XX XX XX XX XX XX

Children with parasitemia were categorized on the basis of presence oreab&MA. Statistical significance
determined by logistic regression analysis for dominant, additive and recessive models while controéigey for

bacteraemiand sickle cell trait (reduced modelp-values in bold were statistically significantR®0 . 0 5 .
number not adequate to run in the regression model.
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4.2.3. Distribution of CD40(G-508A/C-173T C-1T) haplotypes in the study groups

Haplotype construction based on th@D40 polymorphismsconstruction generated 8
haplotypes. Five haplotypes with frequencies >1.4% within the population of stweye
selectedas these were the most common in the populat®erriage of the most commorG&
haplotype was higher in the n@MA group 881 (96.2%) relative to the SMA group 185
(87.2%), while the noiwarriage of this haplotype were lower in the +81A group 35 (3.8%)
relative to the SMA group 27 (12.8%%)<0.001. The carriage of GTC haplotypere relatively
lower in the noAISMA group 48 (5.2%) compared to the SMA group 47 (22.2%) while the non
carriage GTC were comparatively higher in f#8MA 868 (94.8%) than SMA group 165
(77.8%), P<0.001. There were, however, no differences between thabdions of the
carriage and ncenoarriage of GTC haplotype in the study groups; GTC in8MA 31 (3.4%)
and in SMA 7 (3.3%), naBTC in nonSMA 885 (96.6%) and in SMA 205 (96.7%),
respectively,P=0.952. The carriage of ACC haplotypes ®MA group 32 8.5%) were
comparable to those in SMA group 3 (1.4%) while 4carriage of this haplotype in n€dMA
was 884 (96.5%) and SMA 209 (98.6%). These distributions were compahablever
between the two group£=0.116. The carriage of the ATC haplotypenonSMA was 85
(9.3%) and in SMA 16 (7.5%) while nararriage was 831 (90.7%) in n&@MA and SMA 196
(92.5%). These distributions were comparable between the two gioep<l26).

Further, assessments of whettiee carriage and netarriage of these higitypes had
differences in Hb levels (gdf) was performed Man-Whitney U test revealed that carriage of
GCC haplotype had higher Hb levels (median, 7.1; IQR, 3.4) relative taGQ&h carriage
(median, 5.1; IQR, 3.1P<0001. Further the carriage of th&CC haplotype had higher Hb

levels (median, 8.8; IQR, 2.1) relative to noarriage (median, 6.9; IQR, 3.49<0.001. Hb
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levels were, however, not different between carriage of GTC haplotype (median, 5.9; IQR, 3.3)
and norGTC (median, 7.1; IQR, 3.4P=0.114. The carriage of the ATC haplotype versus non
ACT also showed comparable Hb levels for ACT (median, 7.0; IQR, 2.8) ardTOr{median,

7.0; IQR, 3.5)P=0.858. Moreover, carriage of GCT haplotype showed significantly lower Hb
levels (median, 4.8]QR, 1.4) compared to carriage of RGCT (median, 7.3; IQR, 3.3),

P<0.001shown inTable4.3.
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Table 4.3. Distribution of CD40(G-508A/C-173T/C-1T) haplotypes in the study groups.

CD40G-508A/C-173T/C-1T Hb gdLt P2 Non-SMA _ SMA pb

Haplotypes (median IQR) (n=916) (n=212)

GCC Carriersn=1066) 7.1(3.4) <0.001 881(96.2) 185(87.2) <0.001
Non-carriersn=62) 5.1 (3.1) 35 (3.8) 27 (12.8)

GCT Carriersp=os) 4.8 (1.4) <0.001 48 (52) 47 (22.2)  <0.001
Non-carriersn=931) 7.3 (3.3) 868 (94.8) 165 (77.8)

GTC Carrierspus=ss) 5.9 (3.3) 0.144 31(3.4) 7(3.3) 0.952
Non-carriersn=9ss) 7.1(3.4) 885 (96.6) 205 (96.7)

ACC Carriersn=3s) 8.8 (2.1) <0.001 32(3.5) 3(1.4) 0.116
Non-carriersn=991) 6.9 (3.4) 884 (96.5) 209(98.6)

ATC Carriersp=101) 7.0 (2.8) 0.858 85(9.3) 16 (7.5) 0.426
Non-carriersn=92s) 7.0 (3.5) 831 (90.7) 196 (92.5)

Data presented are medians (IQR)Haemoglobirevels and as proportions for haplotypes (n, with percentages in
parentheses)Values in bold depict statistical significanceR& 0 . DSatistical significancavas determined by
MannWhitney U test.” Statistical significancevasdetermined by Chi square?j tests
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4.2 4. Association betweerCD40(G-508A/C-173T/C-1T) haplotypes and SMA

Considering the distribution of thebaplotypes within the study groups, their association
with susceptibility to SMAwas computed In the reduced model with agésthalassemia and
bacteraemias covariates, consistent with its higher distribution in theSidA group, the GCC
haplotype demastrated 69% protection against SMAb<5.0 g/dL) (OR=0.31, 95%CI=0.14
0.67,P=0.003). Further regression analysis revealed that carriage of the GCT haplotype was
associated with susceptibility to SMA (OR=5.24, 98%%3.31-8.82,P<0.001). However, the
carriage of ACC, (OR= 0.37, 95%I=0.111.23,P=0.106) and GTC, (OR=0.97, 95@1=0.42
2.27P=0.951) did not show associations with susceptibility to SMA. Likewise, carriage of the
ATC haplotype did not reveal any association with susceptibility to SMA=0R, 95%
Cl1=0.431.33P=0.325) Further regression analysis using Hb<6.0 gfdivealed that th&CC
was associated with protectig@R=0.41, 95%CI=0.31-0.92,P=0.036) and that the GCT was
associated with SMA risk (OR=3.81, 9524=2.31-6.11, P=0.012). However, the carriage of
other haplotypedid not show significant association with SMA based on eittefmition

(Figure4.2).
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Figure 4.2. Association betweerCD40(G-508A/C-173T/C-1/T) haplotypes and severe
malaria anaemia

Children with parasitemia were categorized on the basis of presence or absbote (§A Hb<5.0 g/dL and
SMA; Hb<6.0 g/dL) Odds ratios (OR) and 95% confidence intervals (Cl) were determined using bivariate logistic
regression controlling for agdyacteraemiaand sickle cell trait (reduced model). The reference groups in the
bivariate logistic regression analysis were the-camiers of the respective haplotypes. (n); number of participants
with respective haplotypeP-values in bold indicate statistical significanceP@ 0 . GMA5= SMA; Hb<5.0 g/dL
andSMA6=Hb<6.0 g/dL
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4.2 5. Association betweerCD40(G-508A/C-173T/C-1/T) haplotypes copiesand SMA

Haplotype carriage may be defined s haplotype, carriagef single copy and/or
carriage of double copy.To further show the additive effect of haplotype carriage on SMA
susceptibility, regression modehs used to determirvehether variation in the number of copies
of each of the haplotype influenced susceptibio SMA. Based on the WHO definition of
SMA (Hb<5.0 g/dL) the results presented show that, carriage of one copy of the GCC is
associated with reduced risk to SMA (OR=0.34, 96#40.170.67,P=0.002) while carriage of
two copies of GCC was more assteetwith protection from SMA (OR=0.285% CEO0.13
0.45, P<0.001) furthershowingthe additive effect of this haplotype in protection from SMA.
For the GCT haplotype, carriage of single copy GCT was significantly associated with increased
risk of SMA (OR=.82, 95%CI=3.127.24, P<0.001). The low number of carriage of two
copies of the GCT haplotype did not run in the model. On further analysis, carriage of a single
copy GTC (n=34) haplotype was also not associated with SMA (OR=0.83C3#506332.05,
P=0.683) while association between carriage of two copies (h=4) and SMA could not be
established in the model. Carriage of single copy of ACC haplotype showed no association with
SMA (OR=0.49, 95%C1=0.151.66,P=0.251). The association between carriagemvaf copies
of ACC and SMA could not be established in the model due to low numbers (n=3). The carriage
of single copy of ATC (n=90) haplotype was not associated with SMA (OR=0.86C$80:44
1.46,P=0.461) while carriage of two copies of ATC (n=11) dwt nun in the model Further
analysis based on the local definition of SMA (Hb<6.0 g/dL), revealed that the carribgth of
single and double copy of the GCC haplotype is associated with $MAJ32 andP=0.005
respectivelyThe carriage of single comf GCT was associated with SMR£0.009). Carriage

of other CD40 haplotypes did not revead@sation with SMA as shown inable 4 4.
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Table 4.4. Association between haplotype copies and SMA

SMA (Hb<5.0 gdL?)

SMA (Hb<6.0 gdLY)

Haplotypes copies OR 95% ClI P-value OR 95% CI P-value
GCC o), (n=62) Ref - - Ref - -
GCCq), (n=180) 0.34 0.17-0.67 0.002 059 0.34-0.9 0.032
GCC(2), (n=886) 0.24 0.130.45 <0.001 0.41 0.23-0.76 0.005
GCT (o), (n=1033) Ref Ref

GCT (), (n=81) 4.82 3.127.24 <0.001 2.57 1.635.70 0.009
GCT (2, (n=14) XX XX XX XX XX XX
GTC (0), (n=1090) Ref Ref

GTC ), (n=34) 0.83 0.332.05 0.683 0.54 0.11:-154 0.819
GTC ), (n=4) XX XX XX XX XX XX
ACC (o), (n=1093) Ref - - Ref - -
ACC (1), (n=32) 0.49 0.151.66 0.251 0.87 018151 0475
ACC (2, (n=3) XX XX XX XX XX XX
ATC (9), (n=1027) Ref Ref

ATC (1), (n=90) 0.86 0.441.46 0.461 0.93 0.58-2.87 0.801
ATC ), (n=11) XX XX XX XX XX XX

Data are presented as n (%) of children witthie study groups. Children with parasitemia were categorized on the basis of presence or absence of SMA.

Statistical significancevere determined by logistic regression analysis controlling for bgeteraemiand sickle cell trait (reduced modellP-values in bold
n u mb e reitharedgressiod maglel a t e

were statistically significant 800 . 05 . XX
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4.2.6. Comparison of inflammatory mediator levels between carriage and noeoarriage of
CD40haplotypes

To further investigate the pential mechanisms through which the carriage of the
Oprotectived GCC and o6susceptibled GCT hapl ot
observed in the regression analydise differences in the peripheral levels of an array of
inflammatory meditors between carriage and Roarriage of these haplotypes in children
(n=400) devoid of canfectionswere determined On stratification of inflammatory mediators
based on carriage of the GCC haplotype, the carriers of the haplotype had significdraty hig
circulatingIl-1 b | evel s [ 194 . -Grridgd[223.453130.9)P=0e002s whise the o n
carriage of GCT haplotype had lower levels of circulating. Ib108.9 (210.1) versus negBCT
[193.7 (187.1)],P=0.017. Furthermore, GCC haplotype cagearevealed association with
higher levels ofL-2 [50.6 (75.6) versus neBCC [22.2 (42.9)]P=0.029. However, there were
no significant differences in the levels of-B.between GCT52.6 (87.3] and noGCT [44.5
(75.6)], P=0.783. Moreover, the carriagof GCC haplotype relative to n@CC showed
significant differences in the circulating levels MiP-16 [ 8 0. 7 (83. 0) ] ver su
respectively,P=0.048. These levels were however, comparable in (85716 (105.4)] versus
nonGCT [80.3 (79.8)] P=0.913. Addi ti onal anal ysis reveal ed
haplotype had relatively lowervels of circulatinglL-17; GCT [50.6 (13.9)] versus ndBCT
[130.2 (23.7)],P=0.003 while the levels were comparable between GCC [69.6 (73.5)] versus
nonGCC [50.2 (13.7)],P=0.258 Results presented here show that the carriage of the
Oprotectilvetoy gGe&CCarhdapcarri age of the dsusceptilt
altered levels of inflammatory mediators, consistent with previous studies in which demonstrated

that these deregulations are associated with $DEvenportet al., 2016 Oumaet al., 2008a
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Wereet al.,2006. None of the other inflammatory mediators differed significantly between the

carriage of GCC and GCT as compared to their respectivearoiage (Figure 4.3 AD).
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Figure 4. 3. Inflammatory mediator levels in carriage and noncarriage of haplotype:

Data are presented as box plots for haplotypes carriage archrraage. The boxes represéamerquartile ranges;

the lines through the boxes are the raadj while the whiskers show the™and the 99 percentiles. Levels of

peripheral 1:1 b , -2, MIP-16 , a A dpresehbted in (pgmt) in parasitemic children devoid of -Gafections

(HIV-1 and bacteraemia) (n=400) we e dwemydigesPlex Antbody Beach g t he

Kito. I n all the tests, -camiagp afhaplstgpe werelperformedeusing tdannr i a g e
Whitney U testaPO0 . 05 .
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43.NFHBla n d N F\raBatioAs and SMA
4.3.1 Distribution of genotypes in theNFHB1 and N F HUB polkxmorphisms within the study
groups and association with SMA

To determine whether any of the genotypes were-mmesented in particularstudy
category, the distribution of the genotyped\#ioB1 (-8079G/A and-3297C/T) andNFaBIA (-

826 GA and-310G/A) and within the study groups were determined. NikeHB8079 G/A)
genotypes wee distributed as follows; 3060 GG, 48.2% GA and 21.8% AA within the ron
SMA group while in the SMA group, there were 25% GG, 50.0% GA and 25.0% AA with the
oveall allele frequency of major G allele 0.53 and minor allele A 0.47. The allele distributions
revealed consistency with HWE?%0.639,P=0.424). The distributions of thd F & B-8079

G/A) genotypes were comparable between the SMA aneShdh (P=0.353). Further analysis

of theN F @ @3297 C/T) polymorphism within the né®MA revealed a distribution of 63.4%
CC, 24.1% CT and 12.5% TT while in SMA 51.6% CC, 25.5% CT and 22.9% TT were
observed. The overall major allele C frequency was 0.73 while the rallede T had a
frequency of 0.27. The TT genotype was overrepresented in the SMA group compared to non
SMA (P=0.001). The distributions of thé F @ B-3297 C/T) genotypes showed deviation from
HWE (c2=145.1,P<0.001).

Distribution of theNFaBIA -826 GA genotypes in the neBMA groupwere65.8% GG,
28.8% GA and 5.4% AA while in the SMA group were 60.1% GG, 35.1% GA and 4.8% AA.
The distributions of the genotypes within the study groups were compaRs0e242). The
allele frequency of the major G elé was 0.81 while the minok allele was 0.19. The
frequencies oN F @ B(18Z6 G/A) alleles in the whole study population revealed deviation from

Hardy-Weinberg Equilibrium ¢?=7.93 P=0.005). The NFsBIA (-310 G/A) genotypes
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distributions in norSMA were 83.2% GG, 14.8% GA and 2.0% AA while in the SMA were
77.7% GG, 202 GA and 2.1% AA, with overall major G allele frequency of 0.90 and the
minor allele A frequency of 0.10. These genotype distributions did not reveal any significant
differences between ne®MA and SMA P=0.180). Therewas, however,a significant
deviaton from the HWE ¢?=32.4P<0.001) of the allele in the whole study population

To determine the association between these polymorphisms and(BMA50g/dL)
bivariate logistic regression analysis a model which involved controlling for anaemia
covarides;age, sex, cinfection (HIV-1 status and bacteraemia), althalassemia, sickle cell
trait (HbAS) and G6PD deficiencfAidoo et al., 2002 Ong'echaet al., 2006 Perkinset al.,
2011 Wambuaet al.,20063 wasdone The analysis revealed that neither bh& a BA79 GA
(OR=0.87, 95% Gi0.51-1.47,P=0.598) nor the\ F 8 BA79 AA (OR=1.39, 95% CB:902.14,
P=0.133) was associated with susceptibility to SMA udihg§ a BA79 GG as the reference
genotype in the analysis. Further, using th& a B297 CC as theeferences, thd&lF 8 B 1
3279CT did not show association with SMA (OR=0.65, 95840.41-1.01,P=0.058), while the
NFoaBa79 TT was associated with susceptibly to SNBR=2.13, 95%CI=1.393.28
P=0.001;(Table4.5) and thiswasconsistentvith its distributian in the SMA group compared to
nonSMA group. Analysis of theN F 8 B826with GG genotype as the reference revealed that
bothN F a Ba32AAG and\ F a B826AAA genotypes were not associated with SMA (OR=1.07,
95% CI1=0.492.23, P=0.872 and OR=0.87, 95%I=0.40-1.83, P=0.689, respectively).
Additional analysis of th& F 8 B31AG/A genotypes and association with SMA using the GG
as reference, similarly did not show significant association with SMA in the current study
(N F 8 B31(AGA, OR=1.48, 95%1=0.97-2.25, P=0.066 andN F 8 B31AAA, OR=0.97, 95%

Cl=0.283.51, P=0.997). When SMA (Hb<6.0 g/dL) was used, the carriage of the mutant
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genotype of theN F HUB3297TT revealed association with risk to SMA (OR=1.93, 95%
Cl=1.092.38). Cariage of othe genotyes dd not reveal any associations with SMAheBe

results are summarised iafle 4.5.
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Table 4.5. Distribution of genotypes in theNFHB1 and NFHBIA polymorphisms within the study groups and association with
SMA

o . - a SMA SMA
N (%) with genotype in group (Hb<5.0 g/dL) (Hb<6.0 g/dL)
Genotypes Non-SMA SMA
( Hb OgddL,0  (Hb<5.0  P-value® OR 95% CI P-valuee  OR 95% ClI P-value®
n=838) g/dL, n=188)
NFHB1(-8079 GYA, r
GG, n (%) 251 (21.8) 47 (25.0) Ref - - Ref - -
GA, n (%) 404 (48.2) 94 (50.0) 0.353 0.87 0.51-1.47 0.598 0.92 0.74 2.01 0.713
AA, n (%) 183 (30.0) 47 (25.0) 1.39 0.902.14 0.133 1.01 0.821.98 0.299
Y (0.47)
NFHB1(-3297 CYT, r
CC,n (%) 531 (63.4 97 (51.6) Ref - - Ref - -
CT, n (%) 202 (24.1) 48 (25.5) 0.001 0.65 0.411.01 0.058 0.89 0.591.81 0.109
TT, n (%) 105 (12.5) 43 (22.9) 2.13 1.393.28 0.001 1.9 1.09-2.38 0.039
Y (0.27)
NFHBIA(-8 26 GYA, r
GG, n (%) 551 (65.8) 113 (60.1) Ref Ref
GA, n (%) 242 (28.9) 66 (35.1) 0.242 1.07 0.492.23 0.872 1.51 0.322.62 0.909
AA, n (%) 45 (5.4) 9 (4.8) 0.87 0.401.83 0.689 0.87 0.5402.01  0.829
Y (0.19
NFHBIA(-310 GYA, r
GG, n(%) 697 (83.2) 146 (77.7) Ref Ref
GA, n (%) 124 (14.8) 38 (20.2) 0.180 1.48 0.972.25 0.066 1.17 0.97-2.25 0.104
AA, n (%) 17 (2.0) 4(2.1) 0.97 0.283.51 0.997 0.89 0.39-2.28 0.909
Y (0.10

aData are presented as n (%) of cheldmwithin the study groups. Children with parasitemia were categorized on the basis of presence or absence of severe
malariaanaemiaSMA. P Statistical significancavas determined by the? analysis. ¢ Statistical significancavas determined by logisticegression analysis
controlling for confounderage, sickle cell trait, GBPD arigthalassemia(reduced mojleP-values in bold indicate statistical significance. Y; frequency of the

minor allele in the whole population.
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4.3.2. Distribution of theNFHIB and N F HUB haplotypes

Since haplotypes reveal associations that may not be discernable based on individual
genotypes, haplotype constructs of btk e B D 7 9 G32ACY T aNiFb B4 206 GY A/
3 1 0 G ¥vAre used tdurther determineassociation between thebaplotypic structures and
malaria outcome, controlling for confounding factors observable in the reduced mbiel.
distributions of these haplotypesgere first compared betweeronSMA and SMA groups. As
shown in kgure 4.4 (A), carriageN F 8 BA79G£3297C (GC) haplotypaashigher in the non
SMA 632 (75.4%) compared to SMA 121 (64.4%%,0.002, while the GT haplotype was lower
in nonSMA 50 (6.0%) compared to the proportions in SMA 26 (13.8960.001. NFaB1
8079AF3297C (AC) haplotypaevas comparablebetween the clinical groups with n&MA
having 369 (44.0%) while SMA had 71 (37.8%)=0.117. Further analysis showed that
carriage of AT haplotypgasrelatively lower in the notSMA 275 (32.8%) compared to SMA
group 82 (43.6%)P=0.005. Analysis of NFo B82 6 G¥N3A1 0 GYA hapl otypes
comparable distributions in the proportions of the common GG haplotype HSM&n779
(93.0%) and SMA 176 (93.6%dP=0.748. There were in addition no proportional differences in
the carriage of the GA haplotype betwegonSMA 26 (3.1%) and SMA 7 (3.7%R=0.663.
Moreover, theAG haplotypewerealsocomparable in nagi$MA and SMA [(177 (21.1%) and 40
(21.2%), respectively?=0.963]. The AA haplotype with both variant alleles where lower in
nonSMA 128 (15.3%) and SMA8 (20.2%),P=0.097 though not significantly differerats

shown inFigure4.4(B).
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Figure 4.4. (A and B): Distribution of N F HUE518079A N F HIB3R97Tand N F a BG- A
826A/G-310A

Children (=1,026) were categorized into r&WA and SMA groups. Statistical significaneasdetermined by?
analysis. P-values in bold were statistically significantR®0 . 0 5 .
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4.3.3. Associatiom betweenN F 8 BBddNFa Bp Ao mot er s 6and&@8WAl ot ypes
Using the stringent WHO definition of SMA (Hb<5.0 g/dLjegression analysis
demonstrated that carriage NfF 8 BA79AL3297C GC haplotypeconsistent with its higher
distribution in noARSMA had 40%reduced risk against SMA (OR=0.60, 9524=0.420.86,
P=0.005). Carriage of the GT haplotype revealed amsociationwith increased SMA
susceptibly (OR=2.51, 95%1=1.42-4.42, P=0.002), consistent with its higher distribution in
the SMA group. The AC hagotype was not associated with SMA (OR=0.92, 96%0.64
1.33,P=0.651). Consistent with its high distribution in SMA group, carriage ofNfiea B 1
8079AL3297T, AT haplotype that was higher in tB&A group,was also associated with
susceptibility to SMA (OR=1.65, 95%I=1.172.32, P=0.004), (Figure 45 C). When the
association was run based on SMA of Hb<6.0 g/dLGRehaplotype revealed assation with
protection against SMA (OR=0.70 95%CI=0.570.95 P=0.011) while theGT and theAT
haplotypesstill hadrisk with SMA (OR=1.7595% CI=1.042.06 P=0.033 and(OR=1.1495%
Cl=1.041.72 P=0.048, respectively For theN F HuBHaplotypesregressin analysis did not
reveal any association with susceptibility to SNHAb<5.0 g/dL)considering the common GG
haplotype (OR=0.93, 95%I=0.431.99, P=0.841). Carriage of the GA did not reveal
association with SMA susceptibility (OR=1.24, 9%%=0.443.82,P=0.682),as well as th&dG
haplotype (OR=0.59, 95%1=0.340.98,P=0.043). Analysis of the carraige oAA haplotype
revealed a significant association with  SMA susceptibility (OR=1.62, 95%il.022.57,
P=0.042) In addition using SMA (Hb<6.0 g/dL)there was only marginal association between

the AA haplotype and susceptibility to SMa&s shown irFigure4.5 (D).
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Figure 4.5. (C and D). Associations betweemN F HUBadid N F @ B haplotypes and SMA
(Hb<5.0 g/dLand Hb<6.0g/dL)

Associations betweel F a Btaplotypes and SMA. Associations were determined in children with malaria
(n=1,026§. Odds ratios (ORs) and 95% confidence intervals (Cls) were determined using bivariate regression
analyses, controlling foranaemia covéates; age, sex, canfection (HIV-1 status and bacteraemia), alpha
thalassemia, sickle cell trait (HbAS) and G6PD deficienEpr each haplotype, individuals without the haplotype
were used as the reference grotpvalues in bold were statistically siicant atPO 0 . GMA5= SMA; Hb<5.0

g/dL and SMA6= Hb<6.0 g/dL.
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4.34. Comparison of the levels of circulating IL-17 betweencarriage of theN F @ B 1
haplotypes and correlation with Haemoglobin (Hb)levels

After determining the associations betwdéir 8 Bidplotypesand SMA, influence of
these haplotypes associated with risk/protectiom changes in the levels of circulating
inflammatory mediators whose imbalances have been shown to consequently influence malaria
outcome(Perkinset al.,2011) were assessedConsidering th&l F 8 Pdlymorphisms studied in
the present study, HL7, a pleotropic cytokinevas identifiedas the most significantly different
based onth& FaBD79GY¥RPND7CYT haplotypes. Anal ysi s
the levels of 117 in carriage of eiterN F 8 BA79AF3297C [mean (SEM), 0.908 (0.053)] or
nonAC [mean (SEM), 0.898 (0.085)P=0.916. However,the carriage of th&l F 8 BA79A
3297T haplotype which was associated with susceptibility to SMA had distinctly lower levels of
IL-17 [mean (SEM),0.786 (0.063)Jrelative to noAN F a BA79AF3297T [mean (SEM), 1.00
(0.062)],P=0.016. The carriage of thé F & BA79G£3297C (GC) haplotype which had 40%
reduced risk to SMA, had increased levels ofLlil, [mean (SEM), 1.03 (0.073)] compared to
nonGC [mean (SEM), 0.812 (0.058)P=0.015. In addition, It17 levels were also comparable
in carriage of theN F a8 BA79Gf3297T [mean (SEM), 0.966 (0.097)] and A@i [mean
(SEM), 0.899 (0.049)]P=0.541, Figure46 (A). Using Spearman rank correlation tesg th
correlationbetweencirculating levels of IE17 andhaemoglobinevelswere determined The
data presented here showed that there wassiive correlation between the levels of-Il7 and
those ofhaemoglobin j} = 0 .P20927), implying that higher HL7 levels are associated with

a betteroutcome following malaria infection Figudes (B).
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Figure 4.6. (A and B): Comparison of the levels operipheral IL -17 in carriage of the
N F & Bhdplotypesand its correlation betweenHb levels

(A): Comparison of the levels of circulating IL-17 in carriage of theN F a Bidplotypes Dataare grouped into

carriage of N F HUBAOZ9GY A/NF HUB 2 9 7 C Naplotypes and necarriage for children (n=215) wittP.
falciparummalaria devoid of cénfections. Data are presented as mean with standard error of the mean [SEM] of

the normalized I1 7 | ev el s. Statistical S i -tpst (withi Véebsah cagrectibe date r mi n e
95% ClI).

(B): Correlation betweenHb levels and IL-17 levels Correlation between normalized-IL7 peripheral levels

(n=215), expressed as Lpgand haemoglobin levels (Hb; g/dL) was determined by the Spearman rank correlation

test. P-value was considered significantR®0 . 0 5 .
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4.35. Comparisonof peripheral IL -10 and IP-10 in thecarriage of N F @ B haplotypes

After the finding thatNFaBIA haplotypes are associated with SMéffects of the
haplotypeson circulating levels of IE10 and IP10 produced during infectiowas determined
The results revealed that the levels of bottifLand IP10 did not differ based on the carriage or
noncarriage ofN F @ B32@M\/-310A haplotype which is associated with SMA susceptibility,
[median (IQR)] for 11-:10, AA haplotype [126.7 (390)], nonAA [229.4 (532.7)P=0.078 while
for IP-10, AA haplotype [176.1, (220.0)], ne®A [210.1, (482.0),P=0.247) Figure 47 (A).
TheN F 8 B326W\/-310G haplotype that demonstratedaasociatiorwith reduced risk of SMA
had increased levels of 410 [255.9, (689.8)] compared to n#G [192.7 (444.8)P=0.050].
Similarly, IP-10 levels were also elevated in the carriage of AG haplotype [268.9 (578.0)]
relative to norAG haplotype carriage [192.1 (348.0l)70.016 Figure 47 (B). The levels of
IL-10 ard IP-10 were also comparable in the carriag&ddf 8 B826G£310A and norcarriage
of this haplotype; IE10 for GA [194.1 (553.3) and neBA [219.5 (521.2)]P=0.311, as well as
for IP-10 for GA [142.5 (350.7)] and neBA [214.3 (411.0)]P=0.123,Figure 47 (C). Further,
the carriage oN F a8 B82@G/£310G haplotype did not show any differences in the circulating
levels of IL-10 and IP10 compared to neoarriage; for 110 GG [220.1(521.1) and ndgBG
[202.0 (546.6),P=0.606, whereas for {0 GG [210.7 (406.1) and ngBG [121.7 (493.0),
P=0.258 Figure4.7 (D). Finally, whether the levels of H10 and IR10 significantly differed
between children with SMA and those with RFBNA was determined Analysis revealed that
the levels of both 1110 and IP10 were significantly elevated in the children with re@vere
malariaanaemialL-10 for SMA was [145.6 (273.8) and nr@MA [433.5 (552.0)],P,=0.048;
and for IR10 SMA [138.1 (184.0) while that of neé®MA was [240.0(538.1)]P=0.025

respectivelyas shown inKigure 47 E).
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Figure 4.7. Comparison of peripheral IL-10 and IP-10 in thecarriageof NF 8 B A
haplotypes

Data are grouped into carriage MfF 8 BG-826A andN F 8 BG-310A) haplotypes and necarriage(A-D) and
nonSMA and SMA(E) for children withP. falciparum(n=215). Data are presented as median with interquartile
range [IQR] of periphmal IL-10 and IP10 levels. Statistical significance determined using Man Whitney U test.
Significancewas based &0 0 .. 0 5
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4.3.6. Distribution of N F @ Badd N F @ B §jeAotypes combinations within the study groups
and association with SMA

Using multiple variants approach (combined genotypes stratelyy}y-six (36) possible
genotype combinations for the F @ B 1 / N pramBter Ayenotypes we generated. Further
analysis showed that tH¢ F 8 BA79AAN F 8 B826'GA combination (n=70) were higher in
the SMA goup [n (%); 23 (12.2%)] relative to neBMA group [n (%); 47 (5.6%)]P=0.001.
Moreover, the carriage of thé F 8 BA79CCN F a B826GG (n=405) combination consisting
of the dominant alleles showed higher distribution in the- 8B group[n (%); 345/41.26)]
compared to SMA group [n (%); 60 (31.9%H=0.019 while theN F 8 BA79TT/NFa Bl A
826GA combination (n=50) consisting of mutdat- o BZA79TT and heterozygous F 8 B A
826G/A genotypes were more common in the SMA grou(o); 23 (12.2%)] than neBMA
group [n (%); 27 (3.2%)]P<0.001. TheN F 8 B297CCN F 8 B310,GG combination (n=517)
were higher in the neBMA group[n (%); 445 (53.1%)] relative to SMA group [n (%); 72

(38.3%)],P<0.001.

Additional analysis showed that existence of tNe&- 8 BA97TTN FRIA-310GG
combination (n=118) was higher in the SMA group(%); 36 (19.1%)] than the neBMA
group [n (%); 82 (9.8%)JP<0.001. To determine whether these differences in distributions were
associated with susceptibility to or protection against SMAjstimgregression using nen
existence of each combination as the reference while controlling for confounding effects of age,
sickle cell trait, G6PD and-thalassemia in the reduced model in logistic regressian
performed Consistent with their respeati distributions within the study groupslF a8 Bl A

826AGN F a BA79AA was associated with susceptibility to SMA (OR=2.31, 95k61.30
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4.08, P=0.004). TheNF a BZ79CCN F a B826GG combination was associated with
protection against SMA (OR=0.69, 95%1=0.480.96, P=0.033) while the NFa B 1
3279TTN F 8 B326G/A was associated with increased risk of SMA (OR=2.77, G5%.10
6.97, P=0.031). Further analysis revealed that the carriage oNthea B297CCNF a Bl A
310GG combination was associated with protectiairasg 1A (OR=0.64, 95% CI6.440.92,
P=0.016). However, th&l F 8 BZ97TT/N F 8 B310GG combination was associated with a
two-fold risk of SMA (OR=2.10, 95%1=1.324.10,P=0.002). Using the regional definition of
SMA (Hb<6.0 g/dL) the above combinatiohsther showed association with SMA. This show
the effect ofcombinatorialgene effect®n diseases outcome in mtfitictorial diseases such as
malaria. These results are summarised iable 4.6 below for combinations that were

significantly different letween the study groups.
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Table 4.6. Distribution of NF @ Badd N F & B ¢eAotypes combinations within the study groups and association with SMA

SMA (Hb<5.0 g/dL) SMA (Hb<6.0 g/dL)
Non-SMA SMA
Genotypes  (HbG6.0g/dL) (Hb<5.0g/dL) OR 95% ClI  P-valu¢® OR 95% CI P-valued
Combination n=838 n=188 P-value®
NFaB1-8079G-A/NFoaBIA-826G>A
AA/GA (n=70) 47 (5.6) 23 (12.2) 0.001 2.31 1.304.08 0.004 1.81 1.185.27 0.018
NFaB1-3279CT NFaBIA-826GA
CC/GG (n=405) 345 (41.2) 60 (31.9) 0.019 0.69 0.480.96 0.033 0.87 0.39-0.98 0.046
TT/GA (n=50) 27 (3.2) 23 (12.2) <0.001 2.77 1.106.97 0.031 195 1.075.71 0.044
N F o BB297C-T/N F @ B-B1AGA
CC/GG (n=517) 445 (53.1) 72(38.3 <0.001 0.64 0.440.92 0.016 0.72 0.47-099 0.029
TT/GG (n=118) 82 (9.8) 36 (19.1) <0.001 2.10 1.324.10 0.002 1.15 1.053.312 0.024

Data are presented as n (%) of children within the study groups with specific genotype combination. Children with pavaséeratagorized on the basis of
presence or absence of severalariaanaemia SMA (defined as Hb<5gfHL, with any density parasitemiajStatistical significancevasdetermined by the?
analysis. 9Statisticalwas significance determined by logistic regression analysis controlling for confounding effeatg @f , sickle cetl
thalassemian the reduced modeP-values in bold are statistically significant.
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4 4. |n-vitro Effect PfHz on theLevels IL-1 b , -6 dnddl TNFU v i a tHRatawagZ D4 0
The CD40 pathway is involved in the productionddwnstream molecules such as-pro
inflammatory. Results fromin-vitro stimulation of the CD40 pathway withfHz demonstrate
thatPfHz caused increase in the expression levels df (5.7-folds), TNF-U(4.6-folds) and IL-
6 (6.5-folds), P<0.05 relative tothe controls Most importantly, it was notable that the
expression levels of these grdlammatory cytokines peaked at 24 hours after stimuleadiuh
sharply dropped after 48 hourk addition,when the AniCD40 monoclonal antibody was used
either alme or in combination witlPfHz there was further increase in the lewvafishe cytokines
i.e. IL-1 b 14.1-folds), TNFU ( JoRis) &nd I-6 (11.0folds), P<0.05 compared to the
controls. However,there were no notabldifferences relative to the controls in the levels of

these cytokines when the inhibitor (SML) was uyg€ajures4.8-4.10).
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Figure 4.8. Effects of PfHz treatment on IL-1 fvia the CD40 pathway
Quantification of expression profiles of -Ib was performed using TagM&rgene expression assay<ata
represents average of arbitrary values for (n=2) malaria naive individéaéetin was used as an endogenous

control to normalization of the data BT method. *Represerga P-value <0.05 with reference to the consrol
Error bars are standard error bétmeans (SEM)
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Figure 4.9. Effects of PfHz treatmenton TNF-U e x p r e she CDdhpathwiaya

Quantification of expression profiles of TNF was per f or mé dena expresgion dssay Dedan
represents average of arbitrary sl wee gsedfas an erfdogendys ma |
control to normalization of the data BT method. *RepresenP-value <0.05 with reference to the controls.

Error bars are standaedror of the means (SEM).
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Figure 4.10. Effects of PfHz treatment on IL-6 expression vigdhe CD40 pathway

Quantification of expression profiles of - was performed using TagMamene exprssion
assays. Data represents average of aatimi trary
was used as an endogenous control to normalization of the da@bynethod. *RepresenP-
value <0.05 with reference to the controi&aror bars ee standard error of the means (SEM).
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45. Interleukin 23 Receptor(IL -23R) Variations and SMA
45.1. Distribution of IL-23Rrs1884444 G/Tand IL -23Rrs7530511 C/Tgenotypes in the
clinical groups

Prior to determination of the association between ggast and SMA, distributions of
the IL-23Rrs1884444G/T antlL-23Rrs7530511C/T genotypes were determined in the clinical
categories. Chsquare ¢?) analyses showed that the distribution of the23R rs1888444G/T
andIL-23Rrs7530511C/Tgenotypes were nalifferent between the clinical groupB<0.278
and P=0.386, respectively IL-23Rrs1884444G/T genotypes within the RBMA group were
70.5% GG, 26.6% GT and 2.9% TT, while those in the SMA group were 66.0% GG, 27.8% GT
and 6.2% TT. Genotypes #f-23Rrs1884444G/T in the neBMA (c?>=0.087,P=0.767) and
SMA (c?=2.901,P=0.088) groups were consistent with Haé¥ginberg Equilibrium (HWE).
Allele frequencies of thél-23Rrs1884444G/T in the overall study population were 0.82 (G)
and 0.18 (T), respectivel In addition, the genotypic distribution of the23Rrs1884444G/T in
the overall study population was consistent with HWE=2.21, P=0.137). The genotypic
distribution of thelL-23R rs7530511C/T in noisMA group was 84.5% CC, 12.6% CT, and
2.9% TT,while those in the SMA group were 7%0CC, 17.3% CT and 3.7% TTIn both non
SMA and SMA groups, there was deviation from HWE#=(12.98, P<0.001 andc*=6.57,
P=0.010), respectively. The major and the minor allele frequency fdt.t88Rrs7530511C/T
in the overall study population was 0.89 (C) dhdl (T), respectively In the overall study
population, thelL-23R rs7530511C/T genotypic distribution showed deviation from HWE

(c?=18.81,P<0.001) (Table 4.7.
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Table 4.7. Distribution of IL-23R1884444 G/T andL -23Rrs7530511 C/Tgenotypes in the

clinical groups

N (%) with genotype in group?

non-SMA SMA P-value®
Genotypes ( Hb O@dL)0 (Hb<6.0g/dL)
(n=207) (n=162)
IL-23Rrs1884444 G/T
GG, n (%) 146 (70.5) 107 (66.0)
GT, n (%) 55 (26.6) 45 (27.8) 0.278
TT, n (%) 6 (2.9) 10 (6.2)
X=0.18
IL-23Rrs7530511 C/T
CC, n (%) 175 (84.5) 128 (79.0)
CT, n (%) 26 (12.6) 28 (17.3) 0.386¢
TT, n (%) 6 (2.9) 6(3.7)
X=0.11

aData are presented as n (%) of children. Children were grouped based on the modified definition of SMA (Hb<6.0

g/dL, with any density parasitemiay.Statistical sigificance determined by the? analysis. X: frequency of the

variant allele.
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45.2. Association betweerlL -23Rrs1884444 G/T andL -23Rrs7530511 C/Tgenotypes and
SMA

The association between individual genotypesIleP3R rs1884444G/T andL-23R
rs753511C/T and susceptibility to SMA was determined using logistic regression analysis,
controlling for the confounding effects of age, sexjrdection (HIV-1 status andacteraemip
HbAS, alphathalassemia and G6PD deficient&idoo et al., 2002 Wambuaet al., 2006a
Wambuaet al., 2006h). Relative to the wildype IL-23R rs1884444 (GG), no significant
associations with susceptibility to SMA were observed for either the GT (OR=1.34, 95%
CI=0.782.31,P=0.304) or T (OR=2.02, 95% CI=0.53.74,P=0.286) genotypesIn addition,
relative to the wiletype IL-23Rrs7530511 (CC), neither the CT (OR=2.60, 95% CI=0.5%86,
P=0.202) nor the TT (OR=1.66, 95% CI=0-8427, P=0.142) were associated with
susceptibility to SMA Moreover, to provide a more global representataoglysis was done
based on th&VHO cutoff of SMA (SMA; Hb<5.0 g/dL and any density parasitemiblpwever
no significant association between tHe-23R rs1884444G/T andL-23R rs7530511C/T

genotypesad SMAwas detectabla this study populatior(Table 4.8).
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Table 4.8. Association betweerlL -23Rrs1884444 @&T and IL -23Rrs7530511 CT genotypes and SMA

SMA (Hb<5.0 g/dL) SMA (Hb<6.0 g/dL)
Genotypes OR 95% CI P-value OR 95% ClI P-value
IL-23Rrs1884444 GT IL-23Rrs1884444 GT
GG, (n=253) Ref - - Ref - -
GT, (n=100) 3.69 0.895.13 0.174 1.34 0.78 2.31 0.304
TT, (n=16) 1.39 0.732.64 0.316 2.02 0.53 7.74 0.286
IL-23Rrs7530511 CT IL-23Rrs7530511 CT
CC, (n=33) Ref - - Ref - -
CT, (n=54) 2.02 0.439.42 0.372| 2.60 0.5911.86 0.202
TT, (n=12) 2.49 0.765.37 0.102| 1.66 0.84-3.27 0.142

Children (n=369) withP. falciparummalaria were categorized on the basis of presence or absence of SMA. Odds ratiosl (@4 annfidence intervals (Cl)
were determined using logistic regression, controlling for age, serfaxdions (HIV-1 status andacteraemig sickle cell trait (HbAS), G6PD deficiency, and

alphathalassemia. The reference groups in the logistic reigreanalysis were the homozygous wijgpe genotypes.
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45.3. Association betweerlL -23Rrs1884444 G/T andL -23Rrs7530511 C/T haplotypes
and SMA

Using logistic regression analysis models, controlling for the confounding effects of age,
sex, ceinfedion (HIV-1 status andbacteraemip HDbAS, alphahalassemia, and G6PD
deficiency (Aidoo et al., 2002 Ong'echaet al., 2006 Wambuaet al., 2006a Wambuaet al.,
2006h Were et al., 2011), the association betweerardage of thelL-23R rs1884444 and
rs7530511 haplotype constructs and SMére determined These analyses revealed that there
was no association between carriage vs.-camage of thel-23R rs1884444G/rs7530511C
(GC) haplotype and SMA (OR=0.49, 95%-01181.33,P=0.161). Susceptibility to SMA was
also not influenced by carriage vs. poarriage of either the GT (OR=1.04, 95% CI=0331,
P=0.949) or TC (OR=0.97, 95% CI=0.8281,P=0.923) haplotypes However, carriage of the
TT haplotype was ass@ted with a significant increase in susceptibility to SMA (OR=1.12, 95%
Cl=1.074.19,P=0.030. Likewise, using the WHO cwff for SMA, only the TT haplotype was

associated with the risk of SMA (OR=2.50, 95% CI=15189,P=0.016,(Table 4.9.
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Table 4.9. Association betweerlL -23Rrs1884444 @T and IL -23Rrs7530511 CT haplotypes and SMA

SMA (Hb<5.0 g/dL) SMA (Hb<6.0 g/dL)

IL -23Rhaplotypes OR 95% CI P-value OR 95% CI P-value
GC, (n=342) 0.34 0.131.17 0.107 0.49 0.18 1.33 0.161
GT, (n=17) 1.92 0.527.06 0.328 1.04 0.333.31 0.949
TC, (n=67) 1.02 0.492.15 0.955 0.97 0.521.81 0.923
TT, (n= 56) 2.50 1.195.29 0.016 1.12 1.07-4.19 0.030

Children withP. falciparummalaria (n=369) were groupdxhsed on the modified definition of SMA. Odds ratios (OR) and 95% confidence intervals (CI) were
determined using logistic regression model controlling for age, sarfections (HI\-1 andbacteraemipsickle cell trait (HbAS), G6PD deficiency, and ladp
thalassemia. The reference groups in the regression analysis wararners of the respective haplotypes.

77



46.F ¢ 9 R-L3LA%g/His,F ¢ o RILY6F/ ¥ andF ¢ 9 R INIA1/NB\2 variations and SMA
4.6.1. Distribution of F ¢ 0 R-L3lLAXg/His,F ¢ 9 R I1T6F/¥andF ¢ 9 R INIAT/NB\2
genotypes

Chi square ¢?) analysis showed that the distributions of the o R131LA#g/His,
FcoRLTV 6K/ YV andNAIMNAD dgeiotydedBwere not significantly different between
the clinical groups K=0.226, P=0.162 andP=0.632, rspectively) F c o9 RI31AAY/His
genotypes within the SMA group were 30 (26.3%) Arg/Arg, 59 (51.8%) Arg/His and 25 (21.9%)
His/His. Consistency with Hareyeinberg Equilibrium (HWE) in the SMA group férc o RI1 | A
131Arg/Hiswas observedcf=0.15,P=0.692). F ¢ o R131AAy/His genotypes distribution in
nonSMA were 39 (24.3%) Arg/Arg, 71 (44.4.0%) Arg/Hist and 50 (31.1%) His/His.
Frequencies of the genotypes in #KMA showed deviation from HWEc{=4.92, P=0.027).
The overall genotype distribution for tHec o R-L31A%xg/His did not deviate from HWE
(c?=0.703,P=0.402) with an overall variant allele frequency of he o R131Adg/Hisat 0.49
(Arg). The genotypic distribution of tHe ¢ 0 R-L76 F/¥A in SMA group was 61 (53.5%) FF,
45 (39.5%) FV and 8 (7.0%YV. The distribution of these genotypes in SMA showed
consistency with HWE®?=0.006,P=0.939). Within the notBMA group, the distributions was
77 (48.1%) FF, 60 (37.5%) FV and 23 (14.4%) for VV and the genotypes showed consistency
with HWE (c2=3.774,P=0.052). The distribution of these genotypes in overall population
showed consistency with HWE%2.510,P=0.113) and had an overall mutant allele frequency
of 0.30 (V). Fc 9 R INIA1/NBA2 genotypes distribution in the SMA group were 6 (5.3%) NAL,
73 (64.0%) NA1/NA2 and 35 (30.7%) NA2, while in nR8MA there was 8 (5.0%) NA1, 94

(58.8%) NA1/NA2 and 58 (36.2%) NA2. The distributions of the genotypes in both SMA and
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nonSMA revealed deviation from HWE normalityc3=15.549, P<0.001, andc?=14.608,
P<0.001, respectively). In addition, HWE deviation was revealed bytbeo R-NALINB2
genotypeso6 distribution c o?9.74Pex001h with vahaet wh o | «

allele frequency of 0.36 (NA1)Table4.10).
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Table 4.10. Distribution of F ¢ 0 R-L30AXg/His,F ¢ o RILY6F/MandFc o R} I | B
NA1/NA2 genotypeswithin the study groups

N (%) with genotype in group? HWE, P-
SMA Non-SMA value
Genotypes (Hb<5.0g/dL) ( HI5.0g/dL) P-value® (SMA+non-
(n=114) (n=160) SMA) *
F c o0 R-130Akg/His
Arg/Arg, n (%) 30 (26.3) 39 (24.3)
Arg/His n (%) 59 (51.8) 71 (44.4) 0.22¢ 0.402
His/His, n (%) 25 (21.9) 50 (313)
X(His)=0.48
Fc o RITV6IFN
FF, n (%) 61 (53.5) 77 (48.1)
FV, n (%) 45 (39.5) 60 (37.5) 0.162 0.11%
VV, n (%) 8 (7.0) 23 (14.4)
X(V)=0.30
F c 9 R INAT/NR\2
NA1/NA1 6 (5.3) 8 (5.0)
NA1/NA2 73 (64.0) 94 (58.8) 0.632 <0.001°
NA2/NA2 35 (30.7) 58 (36.2)
X(NA1) =0.36

®Data are presented as n (%) of children. Children with parasitemia were categorized on the basis of presence or
absence of severaalariaanaemiasSMA based (defined as HB:0 g/dL, with any density parasitemiay.Statistical
significance determined bg? analysis. X; the overall minor allele frequency in the study population. *HWE;
Hardy-Weinberg Equilibrium.
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4.6.2 Association betweerl- ¢ 9 R-L3[LAkg/His,F ¢ 9 R FLT6F/ ¥ andF ¢ 9 R INIAT/NRA2
and severemalaria anaemia(Hb<5.0 g/dL and Hb<6.0 g/dL)

Genetic association analysigas performedased on dominant, additive and recessive
models of theF ¢ opBymorphisms. Thé& ¢ o RI31HA/Hisdominant model did not reveal
association with SMA ssceptibility (OR=0.59, 95% CB:33-1.05 P=0.077). Further analysis
did not reveal association between SMA usthg additive (OR=1.52, 95% Q0722.93,
P=0.298) or the recessivédOR=0.98, 95%CI=0.561.75, P=0.963 model The dominant
(OR=1.27, 95% CIl6.792.10, P=0.343) andthe additive (OR=0.77, 95% Q3631.83,
P=0.796) model of thd- ¢ 9 R-L76 IF/X dimorphism did not show associations with SMA
However, the recceive model 6fc 9 R-L76 F/X showed a trend towards protection against
SMA, albeit withborderlinesignificance (OR8.43, 95% CI16.181.02,P=0.056). Analysis of
all the genetic models oF ¢ 9 R-NALINB2 variation did not reveal any association WA,
dominant [OR=0.76, 95% C0:441.28, P=0.78)], additive [OR=1.34, 95% CB:782.30,
P=0.288 and recessive [OR=1.20, 95%|=0.36-3.94, P=0.767) Using the stricter WHO
definition of SMA, analysis revealed that the carriage of the recefsiveo R-1L76 M/X was
associate borderline protection against SMA [OR=0.41, €3¢6.171.01,P=0.0.051],(Table

4.11).
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Table 4.11. Association betweerFFc 0 R 1131Arg/His,F ¢ 9 R FLT6F/Y, F ¢ 2 R INIA1/NR\2 and severemalaria anaemia

SMA (Hb<5.0 g/dL) SMA (Hb<6.0 g/dL)
F c ogBnotypes SMA Non-SMA
F c 0 R-130Akg/His OR 95% ClI P-value| OR  95% CI P-value
Dominant, (His/Hisn=75) 25 50 0.67 0.441.01 0.064 | 0.59 0.331.05 0.077
Additive, (Arg/His, n=130) 59 71 1.03 0.61:2.73 0.432 | 1.52 0.722.93 0.298
Recessive, (Arg/Argn=69) 30 39 1.12 0.67~1.65 0.907 | 0.98 0.561.75 0.963
Fc o RIV6IFA
Dominant, (F/Fn=138) 61 77 1.75 0.622.09 0.543 | 1.27 0.792.10 0.343
Additive, (F/V, n=105) 45 60 0.64 0.591.65 0.780 | 0.77 0.631.83 0.796
Recessive, (V/Yn=31) 8 23 041 0.171.01 0.051 | 0.43 0.181.02 0.056
F c 0 RINAT/NR2
Dominant, (NA2/NA2, n=93) 35 58 0.86 0.31:1.20 0.832 | 0.76 0.441.28 0.786
Additive (NA1/NA2, n=167) 73 94 141 0.782.47 0.345 | 1.34 0.782.30 0.288
Recessive, (NA1/NA1, n=14) 6 8 1.60 0.483.31 0.885 | 1.20 0.363.94 0.767

Children with acute malaria (n=274) were grouped based on SMA (dedméib<6.Qy/dL, or Hb<5.0g/dL) with any density parasitemia). Odds ratios (OR)

and 95% confidence intervals (Cl) were determined using bivariate logistic regression controlling for age, gémgetiocs (HIV-1 andbacteraemigsickle

cell trait (HbAS) and G6PD deficiencyThe reference groups in the logistic regression analysis were the absence of the respective models for eachngenotype.
the number of participants with the respective genotypealues were considered significanP&20 . 0 5 .
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46.3.F c 0 R-1L31MAC 2 RILT6IF & 2 R lhaplotipes distribution within the study groups
and association with severe malarianaemia

Prior to performing regression analysis to determine the association between the
F ¢ o9 RI31HA/Arg, F ¢ 0 R-L76H/NVA ad F ¢ 9 R-NALINB2 haplotypes and SMA, the
distribution of the carriage of the haplotypes within the study graugye compared In total,
eight haplotypes were generataeffer haplotype construction.okr most common haplotypes
with an overall frequency8.0% in the whole populatiowere selected The haplotypes were
distributed as follows; F ¢ 0 RI31ARF c 0 R-L76RFA 2 R1 |,1l BB3A2Fc ORI | A
131HisF ¢ 9 R-L76AFA o R1 | | B.M2AN 1 F c o RI31HAF c 0 R-L76AFA o RI | | BNA2
(0.15) andF ¢ 2 RA31HAF c o R-L76MFAC o R I | (0.B7 AAmong these four common
haplotypes,F ¢ 0 RI31AQF c o R-L ¥ 6 A/ F c 9 RhladlotyfNrMaL higher in children
with SMA relative to norSMA group P=0.044. The distributions of the other three
haplotypes were comparabldoetween the SMA and ne®MA groups;, Fc o RI | A
131HisF ¢ 9 R-L76AFA 9 R-NAll @=0.104), F ¢ 9 RI31HAF c 2 R-L76AFA o Rl | | B
NA2 (P=0.269) and= ¢ 2 R1I31HAF c 2 R-L76M/FAC 2 R-NA1I(PB-0.189, Table4.12

Using bivariate logistic regression analyssolling for age, sex, canfection (HIV-1
status andbacteraemin sickle cell trait (HbAS) and G6PD deficieng¢pidoo et al., 2002
Ong'echaet al., 2006 Wambuaet al., 2006a Wambuaet al., 2006k Wereet al., 2011), the
association between carriages of the 2 RI31FAc 0 R-L76F A0 R haplotypic structures
and severe malarianaemia(SMA; Hb<6.0 g/dLand SMA Hb<5.0 g/dL with any density
parasitemia)was determined This analysis revealed that the carriage of the o R1 | A

131ArgF ¢ 2 R-L76AFA 2 R-NA2Ih8plotypewas associated with increased risk of severe
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malaria anaemiarelative to none carriage (OR=1.70, 95%=C022.93, P=0.036) and
(OR=1.79, 95% Gi1.23-3.10,P=0.024) for SMA<6.0 g/dL and SMA<5.0d}., respectively
Further regression analysdid not show any association between carriageFaf o RI1 | A
131HisF ¢ 2 R-L76AFA 2 R-NAll ®R=1.80, 95% Gi0.983.30, P=0.057), Fc o RI | A
131HisF ¢ 2 R-L76AFA 2 R-NA2I(BR=0.76, 95% Gl0.441.32,P=0.334) andFc o RI | A

131HisF ¢ o2 R-L76M/FAc 9 R-NAL1I(@R=0.71, 95% Gi0.41-1.25,P=0.234) haplotypes and

SMA, (Table 412).
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Table 4.12. F ¢ 2 R-130/AAc 2 RILT6F & 2 R INAL/NRA2 haplotypes distribution within the study groups and &sociation

with SMA
Haplotypes Study Groups SMA (Hb<5.0 g/dL) SMA (Hb<6.0 g/dL)
SMA n (%) Non-SMA n (%) P-value® OR 95% ClI P-value® OR 95% CI P-value®
131Arg/176F/NA2 (n=171 79 (69.3) 92 (57.5) 0.044 1.79 1.233.10 0.024 1.70 1.022.93 0.036
131His/176F/NA1 (n=59) 30 (26.3) 29 (18.1) 0.104 1.92 0.992.78 0.054 1.80 0.983.30 0.057
131His/176F/NA2 (n=87) 32 (28.1) 55 (34.4) 0.269 0.60 0.561.62 0.247 0.76 0.441.32 0.334
131His/176VINAL (n=79) 28 (24.6) 51 (31.9) 0.188 0.51 0.31-1.31 0.142 0.71 0.41-1.25 0.234

Children with acute malaria (n=274) were grouped based on SMA (defindd<ds0 g/dL or Hb<6.0 g/dL).Odds ratios (OR) and 95% confidence intervals
(Cl) were determined using bivariate logistic regression controlling for age, gendefeations (HIV-1 andbacteraeminsickle cell trait (HbAS), alpha
thalassemia and G6PDfitéency. The reference groups in the regression analysis were theantage of respective haplotypic structures. n; the number of
participants with the respective haplotype. n (%); number (percentage) of participants with respective haplotiystlidyegoup.@P-value determined using
Chi-square ¢?). "P-valuesweredetermined using logistics regression analysis.PAlalues were considered statistically significarP@0 . 0 5 .
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4.6.4. Association betweerF ¢ 9 R-L30Akg/His,F ¢ 9 R ILT6FMand F ¢ 2 R INATZ/NRA2
haplotypes and parasitemia

Since theFc o Rs are i mportant det er mitheagtudys i n
determined if carriage ofFcgRs haplotypes was associated with parasitemia levélgesults
revealed that carriage &fc 3AR131HisF ¢ 2 R-L76AFA 2 R | Hafdtiypelinean (SEM);
4.37 (£ 0.079), n=59] relative to nararriage [mean (SEM); 4.12 (+ 0.052), n=215%0.009),
was associated with higher parasitemia. Additional analysis showed that the level of parasitemia
was comparable between the carriage and -cammiage of Fc o0 RIB1AWF c o R-1 1 | A
176FF c o R | hapdiypepnean (SEM); 4.18 (x 0.057), n=171] versus fwanriage[mean
(SEM); 4.17 (+ 0.074), n=103P=0.976) andF ¢ 9 RI31H&F c 2 R-L76AFA 2 R-NA2I B
[mean(SEM); 4.23 (£ 0.073), n=87] versus noarriage[mean (SEM); 4.16 (x 0.056), n=187,
P=0.520]. Further analysis also showed that the level of parasitemia was also comparable
between those with ¢ 0 RI31IHAF ¢ o2 R-L76\V/FAC o2 R | | Haopelmean (SEN; 4.21
(x 0.079), n=79] versus those without the haplotype [mean (SEM); 4.16 (x 0.096), n=195],

P=0.587),[Figure4.11(A-D)].
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Figure 4.11. Association betweer ¢ 9 R-1L3lLA%g/His,F ¢ 0 RI1T6F/andFc o R} I | B
NA1/NA2 haplotypes and parasitemia levels

Data are presented as scatter plots for carriage andandage of respectivieaplotype constructsThe thick black
lines through the scatters represent mean, while the red lines above the mean line represent thersteuafdahe
mean (SEM). The carriage off ¢ 9 RI31HAF ¢ 9 R-L76RFA 2 R-NA1lhBplotype which was marginally
associated with susceptibility to SMA had higher levelpartsitemia £=0.009). Differences in parasitemia levels
were determined using unpairetest with Welsch correction at 9%bconfidence interval.
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CHAPTER FIVE : DISCUSSION

5.1. Introduction
The genetic mechanisms involved in susceptibility to multifactorial diseases such as

SMA among immunaaive children residing iP. falciparum holo-endemic areas remains
partially undersood. Using whole genome scars,number of previouslunknowncandidate
genetic markers associated with SNhAve been identified To further provide more insights

into the understanding of this complex molecular mechanitbis, study determinedhe
asseaiatiors between variations inell receptors to immune molecules. CD40, IL-23R FcgR

and their associated pathway gemes NFHB1 and NFHBIA, and SMA, a common clinical
outcome of severe malaria in children fréfalciparumholo-endemictransmissio areasvas

done. In addition,PfHz was used to induce the CD40 pathway and the downstream molecules
measuredo demonstrate the effects BfHz found in children with SMA on prinflammatory

cytokines

5.2. Association between CD40Promoter Polymorphism and Susceptibility
to Severe Malaria Anaemia and the Alterations in Malaria Associated Pro-
inflammatory Cytokines

Published literature exploring associations betw€®#0 polymorphisms and malaria

susceptibility are limited.In the current study,ding tre additive genetic model, the carriage of
both the CD40-508GA and CD40-173CT in children from this regioare associated with
protection against SMA, a finding that is consistent with their proportionally higher distribution
within the norRSMA clinical graup. On the other hand, the carriageGi»40 -508AA and-

173TT mutants for these polymorphisms were associated with increased risk of SMA in both
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additive and recessive model. The findings from the regression analysis were in agreement with
their respectie distributions, implying that existence of the mutantsC@f40 rs1800686 |
508G/A) and rs752118%73C/T) are associated with greater risk of SMA in this population. As
such, the inheritance of the mutant alleles of these variations is likely a risk facSMA.
Previously, a study revealed that the GT haplotyp€@40rs1800686 £08G/A) and rs752118
(-173C/T) was associated with the risk of ischemic stroke in Korean population with
hypertension(Cho et al., 2012). In asthmatic patients, theD40-508AA was found to be
associated with elevated levels of I¢Barket al.,2007. Immunological studies hav&hown

that elevated levels of IgE is pathogenierialaria(Perimanret al.,1994; Perlmanet al.,1997;
Perlmanret al.,2000) Production of high levels of IgE conditioned by the inheritancg@40-
508AA could be one possible mechanism of susceptibility in senedaria hovever not

investigated in the current study.

Further analysis of the carriage of t8®40-1CT+TT relative to the dominar@D40 -
1CC genotype revealed association with increased susceptibility to SMA. Moréusetudy
for the first time demonstratéise associations between heterozyg8egl0-1CT or homozygous
mutantCD40-1TT genotypes and susceptibility to SMAD40-1C/T polymorphism is located
in the Kozak -s8fuansk aslR)oflCB4g brberobsérsmiion that the
heterozygou€D40-1CT was associated with SMA susceptibility implies the crucial role it plays
in conditioning susceptibility to SMA in children residentRffalciparumholo-endemic areas.
This is also consistent with its higher proportions in the SMA grougs. sttientifically plausible
to hypothesize that the T allele profoundly affects the Kozak sequence responsible for protein
translation initiation proceséromer et al., 2002 and significantly decreases-d@ll surface

expres®n of CD40 in individuals with the CT and TT relative to CC genoi{y#aeobsoret al.,
89



2005. In addition, since the T allele reduce surface expression of Gb&Xells, its carriage

in CT and TT may result into reduced secondary signals from activatetisTrequired for B

cells to mount an efficacious humoral response such as immunoglobulin isotype switching and
antibody secretiofChatzigeorgiotet al.,2009 Garraudet al.,2002. Even thougtthis concept

was not investigated itis study,it could bea possible molecular mechanism that is involved in
susceptibility to SMA in children with the carriage of the CT and TT. Furthermore, a study in
the Brazilian Amazormpopulationdemonstrated that the T allele is associated with reduced 1gG
againstP. vivaxDuffy binding protein PvDBP) (Cassiancet al.,201§. However,it remains to

be determined whether this is the case \gths againsP. falciparumspecificantigens

Since haplotype use is more el in the elucidation of significant associations not
discernable by use of individual allel@3'Amelio et al.,20132, it is of genetic valugo employ
haplotypic strategies to evaluate and reveal their associations with S\Athe basis of the
current seleetd SNPs, carriage @D40(-508G£173C£1C) GCC haplotype consisting of all the
major alleles was associated with significant protection against SMA while the carriage of the
GCT consisting of the mutant allele -dfC/T was 5folds associated with SMA riskAccording
to these findings, the protective effects of GCC haplotype could be attributed to the wild type
alleles of theCD40-508G/A, -173C/T, and-1C/T and most common in the r&WA group.

One plausible explanation to this is thBt falciparum infecious burden and pressure
experienced by residents of this region could possibly result to natural selection and adaptation
leading to accumulated higher frequency of protective alleles. The finding that the carriage of
the GCT haplotype was associatedhwincreased susceptibility to SMA was rather surprising
considering that existencef the wild type allele of theCD40 -508G/A and -173C/T were

observed to be higher in n@&MA and their presence did not seem to have any diluting effects
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on the T allele bthe-1C/T. The strong effect of T allele ©1C/T may be due to the fact that it
exist at the initiation point of translatioffomer et al., 2002 and that it hinders mRNA
ribosome complex stabilization thereby decregisiarface expression of CD40 on immune cells,
a mechanism that has been demonstrated in other inflammatory di¢&asasget al., 2011,
Wagneret al., 2015. Of importance is that th€ED40-1TT genotype has been shown to be
associated with higher levels of soluble CD40 (sCD40) in patients with systemic lupus
erythematous (SLE) a chronic autoimmune dis¢@senet al.,2015 Wu et al.,201§. sCD40
exhibits immunosuppressive effects since it reduce=elll activation andimmunoglobulin
production(Espositoet al.,2012 van Kooteret al.,1994 which could possibly resulio SMA.

Studies have revealed that the balances in inflammatory mediators levels is required in
reducing or enhancing malaria sever{tyke et al., 2004 Ong'echaet al., 200§ Oyegue
Liabagui et al., 2017 Perkinset al., 200Q Were et al., 2009 and that these balances are
mediated by genetic variations in their genes or genes indigeialling pathwaysOng'echaet
al., 2008 Oumaet al., 2008a Oumaet al., 201Q Phawonget al., 2010. From a panel of
inflammatory mediatorghe hypothesis that the carriage of GCC and the GCT haplotypes may
directly/indirectly condition SMA via influencing the levels of the inflammatory mediators
during P. falciparummalariawas investigated The carriag of t he O&6épr ot ecti vedéd
was associated with higher levels of-1Lb , -2 &nd MIP36 r el at i v-earriage. t he
However, the carriage of the Osusceptiblebd he
peripheral 11 b a nl/. IEwen hough the mechanism(s) by which the&D40
polymorphisms mediated differential levels in1Lb , -2, MIP-16  a n-H7 wbuld result into
SMA protection, earlier studieshowed thatL-2 is a critical cytokine in the regulation of bone

marrow erythropoiesjgrevents development aheamigChopraet al.,2015 and maintenance
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of hematopoietic stem cel{&iampaoloet al.,2017). Moreover, Ik1 b pr omot es hemat
stem cells regeneration in response to acute insults sucR.a®laiparuminfection (Pietraset

al., 2016 while reducedL-17 has been shown to be associated with SMavenportet al.,

2012 consistent with its role in promotingaematopoiesigJovcic et al., 2001, Krstic et al.,

2009. While the exact role played by increased M& i n mal aria stil/l
investigation, a previous study in Gabonese children showed that elevated MIP wa s
associated with acute malaii@chiel et al., 2005. As depicted by this study, use of genetic
variations that have profound influence on functional changes in downstream molecules is
important in identification of combinatorial gene functions involved in specific disease
pathways. For further ewluation of the role of CD40 in pathogenedisjs important to
determinethe peripheral levels 06CD40 in homogenous populations and netathem tothe

geneticvariationsthat are showto be involved in SMA pathogenesis in current study

5.3. Assocation AAOx AAT and €. "&&¢ " Polymorphisms and
Susceptibility to Severe Malaria Anaemia and Change in IL-17, IL-10 and
IP-10

Knowledge of genetic modulation of tiheF Hsegnalling pathway is crucial since there

is increasing interest in identifying bionkars for prediction of disease risks and design of novel
therapies which regulate the activity NfF HyBroteins In recent past, the central roles of
polymorphisms in the promoter regions MfF @ B 1 / NdepeB hatke been demonstrated by

studies in inflamratory diseases such aflammatory bowel disease (IBD), systemic lupus
erythematosus (SLE), B e h ¢Barkeét al.,2014 Savatale20l®2nd Gr a
Hung et al., 2010 Niyazogluet al.,2014. Even though inflammatory diseases have specific

clinical phenotypes and their own compleetiology different from infectious diseases, the

contribution of theN F HpBoteinssignallingis common and central to them. These observations
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raise the question that presence of geneitation in the promoteregions ofN F & Burid its
inhibitor alphaN F & Bger® could be associated with SMA susceptibilithis hypothesisvas
investigatedby examining the associations between promoter polymorphistis=ire Brid its

inhibitor, NFa Bl A

From this population of children from P. falciparum holo-endemic area, this study
demonstrates that the carriage of the homozygous miitardleles at theN F 8 B297 C/T
locus is associated with a significant susceptibility to SMA implying that its inheritance could be
an imporant susceptibility factor. However, carriage of other individual genotypes of the
investigated SNPs did not reveal significant associations with SMA. In previous malaria
immunogenetic studiesjt has beenshown that in multifactorial diseases such adame
haplotypebased genetic analysis reveals associations that are not observable using individual
genotypes, reviewebly (Perkinset al.,2011). Considering haplotypic analysis, the existence of
N F o BA79AL3297T haplotype revealedssociationwith susceptibility tosevere malaria
anaemiawhile the carriage of th&l F a8 BA79G+3297C haplotype was associated with 40%
protection againsseveremalariaanaemia It is evident that the inheritance of both mutant
alleles (A and T) of these SNPs increases susceptibility while carriagehoivild type alleles

(G and C) is associated with protection agasesereorm of malaria in this population.

Since it has been shown by earlier stud@asldwin, 2003 Ghosh and Karin, 2002hat
inducible expression of key inflammatory mediators includigtpkines, growth factors and
chemokinesare determined by genetic variations, the study evaluatetharhhis was the case
in SMA. Based on the current selectbldF & Bdlymorphisms, significant differences were
detectable in the peripheral levels of interleukit whi ch al so contains

element within its promotefShenet al., 2006. Consistently, AT haplotype which was also
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associated with SMA risk had reduced peripherallTLIevels while the GC haplotype which
was associated with protectibad elevated peripheral 4L7. The results demonstrate that these
polymorphisms may in part influence SMA susceptibility by modulating the circulating levels of
IL-17 during acute malaria infection in children from this keholemic transmission area.
Moreover, te levels of 117 also reveate a positive correlation with haeglobin levels.
Collectively, results of the current studibd= @ Bdlymorphisms suggest that increases HiTL
levels is associated with protection against SMA. This finding & @ssistent with previous
studiesfrom this population whiclshowed children with increased-Il7 were protected from
severemalariaanaemigDavenportet al.,2012 Ong'echeet al.,2011). Interleukinrl? links the
immune system and erythropoiesis system by enhancing the proliferation of erythroid precursor
cells (Jovcicet al., 2007 Jovcicet al.,2004 Jovcicet al.,2001). Moreover,IL-17 stimulates
mecrophages and some epithelial cells to produce a milieu eihflasnmatorymediators, for
example|L-1, IL-6, TNFU , KR Ongetalloproteases (MMP) and chemokines, hence initiating
inflammatory processes observed in infectious disg@¥@ishi and Gaffen, 2030 ReducedL -

17 levels have been associatechwitalariaanaemian mice models infected witR. yoelii (Xu

et al.,2013.

Previously, a study involvingn-silico systems biologyapproach showed that inhibitor
kappaBal pha (1 aBU) I's a central hub i n transcri
diseases, including respiratory syncytial virus infection (RSV), asthma and bypualchonary
dysplasia(Ali et al.,2013. In the present study, analysisMf~ 8 BHaplotypes revealed that
the carriage oN F 8 B82&A/-310A haplotype (consisting of both mutant A and A alleles) was
associated uh susceptibility to SMA, whereas the carriage of thé& a B826¥/-310G was

associated with protection against SMA risk. It is important to emphasize that the presence of
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both mutant alleles (A and A) of tiéF o B82/GandN F 8 B310%/G SNPs increasessk

to SMA through a mechanism that still remains to be explored. However, it is possible that
during infection, followed by the production of molecules such Rs falciparum
glycosylphosphatidylinositol&GPI) (Mbengueet al.,2016 andP. falciparumhaemozoin(PfHz)
(Awandareet al., 2011, there may be aberrantgainflammatory stimulation leading to SMA.
Further,it is also possible that there are other mutation(s) within the promoter and /or enhancers
not investigated that play a role in protection/risk reported héffbe observation that the

N F 8 B82A/-310Ghaplotype was associated with protection against SMA risk in the context
of this study was surprising since its general distribution was similar in SMA an&Man
Further analysis into this finding revealed that this protective effect might have le¢n looth
intermediate G6PD status, sintevasfound that those with this haplotype and had intermediate
form of G6PD were higher in the n8MA (11.4%) compared to SMA (4.8%49=0.004. This
shows the strong impact of the carriage of G6PD heterozygouglgous trait protective
againstsevere malariéRuwendeet al.,1999. This demonstrate somewhat the genetic influence

of different genes in conditioning disease outcomes.

The carriage oN F 8 B82/-310G haplotype relative to nararriage had increased
levels of peripheral 110 and IP10. It has been documented taveremalariapathology is
due to an interplay of hoselated factors and parasite determined factors during infection
(Mazier et al., 200Q Perkinset al., 2011). As a systemi cliteratufeenmmat or
cytokine levés and their correlations in severe malaai@ panoptic(Davenportet al., 2012
Hunt and Grau, 2003.yke et al., 2004 Mirghani et al., 2013, Perkinset al., 2011). In the
currentstudy, the carriageof the N F 8 B82&/-310G haplotype, which was associated with

protection against SMA in this population, presented with increased levels of bbfhaihd IP
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10. Consistently, 1110 and IP10 levels were elevated in children with regvere malaria.
Therefore, both increased levels of-10 and IP10, in the context of these haplotypes, protect
againstseveremalariaanaemia While interpreting these findings, it is important to consider the
disease definition and population stratification, since otardies have documented
contradictory results on the levels of these cytokines and relationship with malaria severity. For
instance,levels of IL-10 have been shown to be elevated in severe disease compared to
uncomplicated malaria in Sudanese childrenwadi as Malian childrenLyke et al., 2004
Mirghani et al.,2011). The role of IP10 has been observedamumber of studies involving.
falciparum malaria. Serum levels of {E0 have been shown to be significantly higher in
children with cerebral malaria (CM) compared to children with SMA in Ghanaian children
(Armah et al., 2007. In another study in India, {PO levels were outstandingly elevated as
disease severity increases, with highest levels among CM mortality asest al., 2008.
Despite the fact thatevatedamounts of IE17,1P-10and IL-10 were shown to confer protection
against SMA in the context of this study, a previous study depicted elevated lepedsliators

of multiple organ dysfunctions (MOD) in Indian patients with falciparumsevere malaria
(Herbertet al., 2015. However, onsistent with the currérstudy, a previous study in this
population also revealed that elevation in the levels of bettOland IP10 is protective against
SMA (Ong'echeet al.,2011). These observations can explain the complexity in the nature of
networked roles of inflammatory mediators based on specific disease description and host
genetic factors. The interpretation of the levels of grad antinflammatory mediators in the
context ofP. falciparummalaria should consider the fact that parasite genetic factors also in part

impact onhost cytokine and chemokine respondeattaadilokratet al.,2014).
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Since combining multiple variants frotne same odifferent genes in a molecular
pathway may result in greaterpredictive power of disease rigiMundeet al.,2012 Songet al.,
20113, this studyevaluated the combined effectfF @ B 1 / NdemoBpeon susceptibility
to SMA. The current study showed that the carriageNdf 8 BA79AAN F a BI26RAG,
NF o B297TTN F o B826WG and N F o B297TTN F @ B310GG genotype combinations
were associated with the risk of SMA. It is worth ngtthat the carriage of AA genotype of the
N F & 88097 could be an important susceptibility factor in malaria. This is possible because the
A allele leads to binding oflucocorticoid receptebeta (GRb )which leads to attenuation of
expression oN F o Bvhich contains one of its responsive elemé@ato and Wade, 199®e
Bosscheret al., 2003 Messeguert al., 2002. Further, the carriage of the TT genotype of
N F 8 B297 C/T variation is important in determining the risk of SMA in theéediatric
population since its carriage in combination with eitherNhé @ B826AAG (heterozygous) or
N F 8 B310%GG (wild type) is associated with increased risk to SMA. Thislmeaexplained by
the finding that the T allele is responsible for the binding of the orphan nuclear rechyutioen
ovalbuminupstream promoter transcription factor 1 (COQUPPL) which leads to transcriptional
repression of many genes involved in inflaatory processed.enget al.,1996 Smirnovet al.,
2000. As result of this repression, there could dlegrant production of cytokines observed
during P. falciparummalaria In the currentstudy, presence of genotypes combination of the
N F @ B82FGGN F 8 B297CC and the\ F 8 B310GG/N F 8 B297CC showed protection
againstseveremalariaanaemia This proteate effect could be due to ti¢F 8 B297CC since
its existence with any of th&l F @ B Wild type confers protection. These observations
underscore the use of genetic combinations in genome wide association(steidBakkeret al.,

2005 Pe'eret al.,2006. Even though this strategy has not been applied in genetic association
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studies in infectious diseasaescould be important to further explore its usefulness in future to
enhance identification of genetic susceptibility factors especially for genes in a common

molecular pathway.

5.4. Theln-vitro Effect of PfHz on the Expression of CD40 downstream Pro-
inflammatory Cytokines(IL-u 1 h-6 hd TNF
Studies by have demdratedthat thePfHz is a potent modulator gbaediatricSMA

pathogenesi§Awandareet al.,2011; Kempaiahet al.,2016 Wereet al.,2009. However, the

actual molecular pathway through which these occur still remains to be explainexdstudy
utilizing molecules that have been shown to inhibit the GDRAF6 interaction(Zarzyckaet

al., 2015 and the AntiCD40 monoclonal antibody that stihates the CD40 pathway showed

that thePfHz is able to stimulate and increase the expression of CD40 pathway by increasing the
expression levels of psmflammatory cytokines (It1 b, -0 N B n-6) albeit in time
dependent manner. These cytokines haes lsbown to be elevated in malaria infect{Boeuf

et al.,2012 Lyke et al.,2004 Olivier et al.,2014) and their deregulated production is involved

in the pathogenesis of SMAThe results from thign-vitro experimentsuggest involvement in

part of the CD40 pathway in influencing SMA pathogenebisrther,investigation of the effect

of PHzontheNF HBhosphoryl ati on revealed an increase
When theN F Himplex proteins are phosphorylkdteéhere occurs nuclear translocation that
leads to transcription of target genes inabgdthose involved in the production ofitokines
(Songet al.,20118. These imply thaPfHz as it has been demonstrated previpKempaiah

et al.,2016), is a potent stimulator of NI-Boathway
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5.5. Association between the Haplotypes of Non-synonymous Mutations
within IL -23R (rs1884444 G/T and IL-23R rs7530511 C/T) and
Susceptibility to Severe Malaria Anaemia

In P. falciparumholo-endemic transmission areas, one of the most comciinital

outcomes of malaria is SMA. To further provide additional information on important immune
receptor genes that condition susceptibility to SMA, the role of th&3IlL-17 cytokine
pathway was investigated by determining the genetic associatisredre norsynonymous
mutations ofiL-23Rrs188444G/T and rs7560511C/T polymorphisms and susceptibility to SMA.
The study showed that individual genotypedLir23R (rs188444G/T ands7530511C/T) were

not independently associated with susceptibility to SMAowever, carriage of thi-23R
rs188444T/rs7560511T (TT) haplotype was associated with increased susceptibility to SMA
[using both modified (Hb<6.9/dL) and WHO (Hb<5.@/dL) definition of SMA].

The protein encoded by tHe-23R gene located on chmmsome 1 is a subunit of the
receptor for 1:23 subunit alpha (I.-23A) which pairs with the receptor moleculell2 b 1 , bot h
of which are required for H23A signalling(Parhamet al.,2002. The IL-23RAL-1 2 b1 di mer
binds to IL-23, which is made up of a p19 protein and1Rp40 sukunits (Oppmannet al.,

2000. In addtion to its expression on memorycElls, IL-23R is present on other immune cells,
including activated antigen presenting cells (APCs), natural Killer cells, and monocytes, all of
which are involved in hosilefence against invading pathogéBsiley et al., 2007 Cheunget

al., 2008 SchmidtWeberet al.,2007. Genetic variation in 23R plays an important role in
determining the efficacy of cellular immune respon@$akinset al.,2011). The current study
demonstrates that genotypic variantdloR3R[i.e., rs1884444 (G/T) and rs7530511 (C/T)] are

individually not associated wWitsusceptibility to SMA.
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ThelL-23R(rs188444 G/T) is located at codon 3 in exon 2 oflith23Rand results in a
histidineto-glutamine substitution. This G to T change is known to be responsible for changes
in the signal peptide of the&-23Rand reslis in exon skipping, alternative splicing, or receptor
malformation(Kan et al.,2008 resulting in alteration of the receptitgand binding specificity.
Previots studies have demonstrated tHat23R rs1884444 variation is associated with
susceptibility to oesophageal and gastric cancer, schistosomsssisiated immune
reconstitution inflammatory syndrome, and inflammatory bowel dis@gisenet al.,201Q Chu
et al.,, 2012 Ogolaet al., 2014. However, consistent with study in Chinese adults with
pulmonary tuberculosis (PTB) and drtegpsistant PTHRJianget al., 2015, this study found no
association in the current investigati between rs1884444 variants and malaria disease
outcomes. ThdL-23Rrs7530511 C/T polymorphism results in a replacemerferofine for
Leucineat codon 310 (P310L). The rs7530511 C/T is located adjacent to the motif sequence,
WQPWS, present in the mémanetransmembrane proximdlL-23Rdomain, and is capable of
altering receptor affinity(Huber et al., 2008, a variation that can influence differential
producton of downstream molecules. Individual genotypes of rs7530511 in this population,
however, did not show any independent associations with susceptibility to SMA, despite earlier
observations that the rare TT genotype of the rs7530511 was associatecutwithmaune
conditions, such @HsberGtralh 2088s dhisccoukl beaespiaingd GyXhe
autoimmune nature of GD which is thyroid gland specifidleveevereP. falciparummalaria
which affects multiple organs.

Considering the fact that haplotypes within particular genes are often capable of exposing
genetic combinations which can moderate or interact to produce effects that are not observable

with individual genotypegOumacet al., 2008k Wilson et al., 2005, haplotypes oflL-23R
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rs1884444 G/T and rs75801 (C/T) were therefore constructed. The current study revealed that
the carriage ofL-23Rrs1884444/rs7530511 (TT) haplotype was associated with an increased
risk of SMA. This observation implies that carriage of both mutant genotypes (TT) is an
important genetic risk factor for developing SMA once a child becomes infected Rwvith
falciparum Although presently undetermined, one can speculate that the TT haplotype may
amplify exon skipping and/or mRNA splicing, resulting in altered affinity of thepte for IL-

23 (ligand) bindingHuberet al.,2008 Kan et al.,2008. Since Il-:23/T-helper 17 axis leads to

the production of IE17, and other prinflammatory mediators, the TT haplotype may
potentially inhibit the generation of pioflammatory mediators that aid in controllimgalaria
infections. However, the complex interplay between successfully congraltininfection and

the generation of inflammatogerived anaemia during a malaria infection is difficult to discern
at the molecular levglChenet al.,2000. IL-17 is a prototypical example of such complexity
since 117 bridges immune and hematopoietic regulation by stimulating early stage erythroid
progenitors (i.e., burst formgnunit erythroid, BFLE) (Krstic et d., 2012, and in the opposite
context, inhibits late stage erythroid progenit@sigarskiet al., 2006 Bugarskiet al., 2004
Jovcic et al., 200)). Further studies are required to delineate the influence of genetic
polymorphisms withinlL-23R on differential expression and production of inflammatory
mediators to unravel the molecular mechanisms through which #23/Tthelper 17 axis
collectively influences the developmentroélariadisease outcomes.

56 | OOT AEAOEIT 1 AAOx AADCT& EOR)7oFRVA ar2l) ) ) !
& A r 2 NALNA2 Genetic Polymorphisms and Susceptibility to Severe

Malaria A naemia
Based on the observations that Fc gamma

factors for infectious disease immupathogenesis, the association between Fhe o R1 | A
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131Arg/His, F ¢ 9 R-L76A/VAandF ¢ 2 R-NAL1INB2 polymorphisms angaediatricsevere
malariaanaemiawas determined.Further, the association between the carriage ofFtltes R
haplotypes and parasite levels duriRg falciparuminfection were determined.The current
study demonstratedhat the F ¢ 9 RI31AAY/ F ¢ 9 R-L76AFA 2 R-NA2| hBplotype was

associated with an increased susceptibility to SMA, whileFtlied RI31AKY/F ¢ o9 R-L76H/ A

F ¢ o R-NAllh8plotype was associated with increased levels of circulating parasites during

infecton. However, there was no association between the individual genotypes and SMA in this

paediatrigopopulation from western Kenya.

The FcoRs constitute a defencteagaiast exteacelunlar o f
challenges by infectious agents through eegaant of IgGs to enable innate immune effectors
cells carry out phagocytosis and other downstream processes leading to in{Rawéich and
Kinet, 1991 Salmonet al., 1992. Some polymorphisms in the
genetic determinants of susceptibility to infectious diseé®esi et al., 2002 Oumaet al.,
2009. TheF c 2 RI31AAY/His polymorphism leads tthange oHistidine to Arginine at 131
located at its second extracellular immunoglobiike domain(van de Winkel and Capel, 1993
Warmerdamet al.,1997). TheF ¢ o RI31HK/His has efficient binding to Ig&as opposed to
F ¢ 0 R131A&g/Arg. In addition the 1IgG andlgGs antibodieshave been shown to confer
resistance to malaria by some studj@sicanet al., 200Q Nasret al., 2008. In the current
study, howeverthere were naassociatios betweenF ¢ 9 RU31AAY/His polymorphism and
SMA. An earlier studySchuldtet al.,2010 in Ghanaian children demonstrated that o R1 | A
131Arg/Arg was associated witn increased risk of severe malasigaemiabut not cerebral
malaria or any othemalariacomplication. Of note is the fact that a number of studies have

shown contradictory results on the actual role of this variamh@ariadisease severitfCooke
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et al.,2003 Nasret al.,2007). These discrepancies may be attributed to clinical definitions of
malaria, diferent genetic backgrounds from ethnic diversity and overall sample (population) size

in previous studies.

The F ¢ 2 R-L76A/\VAgene displays a functional allelic polymorphism that generates
allotypes exhibiting different receptor properti@@avetch and Perussia, 1989This study
revealed no association between fhe 2 R-L76R/\Apolymorphism and susceptibility to SMA
in this paediatricpopulation. This maymply that this particular variant is not independently
associated with susceptibility to SMA. Thé& c o R1i$ laB Gterminus linked
glycosylphosphatidylinositol (GPI) moiety anchored receptor, exclusively expressed on
neutrophils with three characterizelfotypes i.e. human neutrophil antigen (HNA or NAL,
HNA-1b or NA2 and HNAlc or SH)(Bux et al.,1995. The NA variants, NA1l and NA2, are a
product of five norsynonymous SNPs in the firEB-like domain, with an asparagine to serine
switch at anino acid position 65 resulting in glycosylation and reduced affinity in the NA2 allele
(Ravetch and Perussia, 19&aimonet al.,1990. In the current studyjo association between
either the NA1 or NA2 allotypes @usceptibility to SMA using common genetic models i.e.,
dominant, additive and recessive models was obseredvever, in Ghanaian childremged 1
to 12 vyear sNA2 wak asso€iated With sukscBptibility to clinical maléAdu et al.,
2012. In a different study of malaria patients in Thailand, Ehe 9 R-NA2lalbtype was
associated with cerebral malaria, but not other forms of severe n{@aniat al.,2002. Given
the differences in findings from different populations and a diversity of clinical manifestations
associated with malaria, tlegact role oF ¢ 9 R-NA2linBnediating outcome ohalariadisease

remains to be further explored.
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